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ABSTRACT
The F a t e  o f  O r g a n o t i n  B i o c i d e s  i n  M a r in e  A n t i f o u l i n g  
E l a s t o m e r s
by
S t e p h e n  B a i l e y
The t e c h n i q u e  o f  t i n - 1 1 9 m  M o ssb a u e r  s p e c t r o s c o p y  h a s  b e e n  
u s e d  t o  s t u d y  t h e  c h e m i c a l  and s t r u c t u r a l  c h a n g e s  u n d e r ­
gone  by a  s e r i e s  o f  t r i o r g a n o t i n  b i o c i d e s  when d i s p e r s e d  
i n  n e o p r e n e - b a s e d  m a r in e  a n t i f o u l i n g  e l a s t o m e r s .  C h e m ic a l  
s p e c i a t i o n  u s i n g  t i n - 1 1 9  n u c l e a r  m a g n e t i c  r e s o n a n c e  
s p e c t r o s c o p y  and  g a s  c h r o m a t o g r a p h y ,  i n d i c a t e  t h a t  t h e  
m a j o r i t y  o f  t h e  t r i - n - b u t y l t i n  (TBT) b i o c i d e s  a r e  c o n v e r t e d  
t o  T B T - c h l o r i d e ,  T B T - s t e a r a t e  and d i - n - b u t y l t i n  d i s t e a r a t e  
d u r i n g  t h e  p o ly m e r  p r o c e s s i n g  and c u r i n g  c o n d i t i o n s .
S i m i l a r  s t u d i e s  o f  t r i p h e n y l t i n  ( T P T ) - c o n t a i n i n g  e l a s t o m e r s  
d e m o n s t r a t e  t h e  e x t e n s i v e  c h e m i c a l  d e g r a d a t i o n  s u f f e r e d  by 
t h e s e  compounds upon i n c o r p o r a t i o n  i n t o  t h e  e l a s t o m e r  
m a t r i x .
S p e c t r o s c o p i c  and  c h r o m a t o g r a p h i c  a n a l y s e s  o f  a  m a r i n e -  
e x p o s e d  e l a s t o m e r ,  o r i g i n a l l y  c o n t a i n i n g  b i s ( T B T ) o x i d e  
(TBTO), r e v e a l e d  t h e  p r e s e n c e  o f  m o n o b u t y l -  and  d i b u t y l t i n  
compounds a s  d e g r a d a t i o n  p r o d u c t s .  A " b a c k s c a t t e r "
M o ssb a u e r  t e c h n i q u e  showed t h a t  th e  u l t i m a t e  d e g r a d a t i o n  
p r o d u c t , d i s t r i b u t e d  i n  t h e  n e a r  s u r f a c e  r e g i o n s  o f  t h e  
s a m p l e ,  was s t a n n i c  o x i d e .
The p o s s i b l e  b i n d i n g  o f  o r g a n o t i n  b i o c i d e s  w i t h  c o m p o n e n t s  
o f  t h e  c o a t i n g  f o r m u l a t i o n  was i n v e s t i g a t e d  by v a r i a b l e  
t e m p e r a t u r e  M bssbauer  m e a s u re m e n t s  on T B T - c h l o r i d e  s y s t e m s .  
At t e m p e r a t u r e s  b e lo w  60K, t h e  o r g a n o t i n  was shown t o  e x i s t  
a s  a  p o l y m e r i c  compound i n  w h ic h  t h e  t i n  a to m  i s  p e n t a -  
c o o r d i n a t e .  A p p l i c a t i o n  o f  t h e  Debye model  o f  s o l i d s  
y i e l d e d  a v a l u e  o f  t h e  r e c o i l l e s s  f r a c t i o n  a t  80K, f ( 8 0 K ) ,  
o f  0 .3 0  and t h e  v i b r a t i o n a l  f r e e d o m  o f  t h e  t i n  a tom was 
i s o t r o p i c .  T h i s  a s s o c i a t e d  s t r u c t u r e  was o b s e r v e d  t o  
b r e a k  down upon d i s p e r s i o n  i n t o  u n c u r e d  n e o p r e n e . '  The 
M o ssb a u e r  p a r a m e t e r s  and f (8 0 K )  = 0 . 1 7  w e re  c o n s i s t e n t  
w i t h  t h e  p r e s e n c e  o f  d i s c r e t e ,  t e r a c o o r d i n a t e  m o l e c u l e s .
In  t h e  a u t h e n t i c  c o a t i n g  m a t r i x ,  t h e  M o ss b a u e r  p a r a m e t e r s  
i n d i c a t e d  a  t e t r a c o o r d i n a t e  g e o m e t r y  f o r  t h e  b i o c i d e .  
However ,  t h e  l a r g e  f (8 0 K )  = 0 . 3 4  i s  more t y p i c a l  o f  t h e  
p e n t a c o o r d i n a t e  s t r u c t u r e  e x h i b i t e d  by p u r e  T B T - c h l o r i d e .
The p r e s e n c e  o f  TBT and TPT a d d i t i v e s  on t h e  c u r i n g  
b e h a v i o u r  o f  t h e  b a s i c  c o a t i n g  f o r m u l a t i o n  was  i n v e s t i g a t e d  
and  i t  was fo u n d  t h a t  TBTO e f f e c t i v e l y  d e l a y e d  th e  o n s e t  
o f  c u r i n g  i n  t h i s  s y s t e m .  T h i s  e f f e c t  was a t t r i b u t e d  t o  
i n t e r f e r i n g  r e a c t i o n s  b e tw e e n  t h e  o r g a n o t i n  a n d  t h e  
a c c e l e r a t e d  z i n c  o x i d e  c u r e  s y s t e m ,  and  t o  t h e  e x i s t e n c e  
o f  a  c o m p e t i n g  c r o s s l i n k i n g  r e a c t i o n  d i r e c t l y  i n v o l v i n g  
TBTO. The TPT b i o c i d e s  w e re  s e e n  t o  p r o m o te  t h e  o n s e t  o f  
c u r i n g  and t h i s  was a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  t i n - b a s e d  
L ew is  a c i d  c a t a l y s t s  d u r i n g  t h e  c h e m i c a l  b reakdow n  o f  t h e  
o r i g i n a l  b i o c i d e .
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1.1 Introduction
Any n o n - t o x i c  s u r f a c e  t h a t  i s  e x p o s e d  t o  a  m a r i n e  o r  
f r e s h - w a t e r  e n v i r o n m e n t ,  w i l l  r a p i d l y  become c o l o n i z e d  
by  a  v a r i e t y  o f  a n i m a l  an d  p l a n t  s p e c i e s .  I t  h a s  b e e n  
e s t i m a t e d  [1 ]  t h a t  one  c u b i c  c e n t i m e t r e  o f  s e a - w a t e r  
c o n t a i n s  b e tw e e n  one  a n d  t e n  t h o u s a n d  l i v i n g  c e l l s ,  
many o f  w h ic h  c o n s t i t u t e  s l i m e - f o r m i n g  b a c t e r i a .  T h e s e  
e s t a b l i s h  t h e m s e l v e s  on a  s u r f a c e  i n  t h e  f o rm  o f  
p r i m a r y  f o u l i n g  w h ic h  t h e n  a c t s  a s  a  s o u r c e  o f  n u t r i t i o n  
f o r  s e c o n d a r y  f o u l i n g  o r g a n i s m s  s u c h  a s ;  a l g a e  
( E n t e r o m o r p h a , E c t o c a r p u s ,  U l v a ,  L a m i n a r i s  an d  
P o l y s i p h o n i a  s p e c i e s ) ,  h y d r o z o a ,  b r y o z o a  ( B u g u l a e  s p . ,  
w a t e r s i p o r a  s p .  and  C r y p t o s u l a  s p . ) ,  tubew orm s  
( H y d r o i d e s  n o r v e g i c a ) ,  sh ipw orm s  ( t e r e d o ) ,  b a r n a c l e s  
an d  m o l l u s c s .  [2]
1.2 The Problem of Marine Fouling
The o n s e t  o f  m a r in e  f o u l i n g  p o s e s  a  number o f  s e r i o u s  
econom ic  and  t e c h n o l o g i c a l  p r o b l e m s .  F o u l i n g  
a c c u m u l a t i o n  a d d s  t o  t h e  w e i g h t  o f  t h e  im m ersed  o b j e c t  
and  t h i s  c a n  b e  a  p a r t i c u l a r l y  u n d e s i r a b l e  p r o b l e m  
w i t h  n a v i g a t i o n  b u o y s  w h ic h  w i l l  g r a d u a l l y  s i n k  a s  
f o u l i n g  b u i l d s  u p .  A t t a c h m e n t  o f  m a t e r i a l  t o  a  s h i p ' s  
h u l l  l e a d s  t o  s i g n i f i c a n t  d r a g  e f f e c t s  w h i c h ,  a l o n g  w i t h  
t h e  i n c r e a s e d  m a s s ,  means t h a t  t h e  v e s s e l  must  b u r n  
c o n s i d e r a b l y  more f u e l  i n  o r d e r  t o  m a i n t a i n  s p e e d .
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One e s t i m a t e  [3 ]  s u g g e s t s  t h a t  i f  f r i c t i o n  a t  t h e  h u l l /  
w a t e r  i n t e r f a c e  i n c r e a s e s  a t  a  r a t e  o f  0.25% p e r  clay, 
a f t e r  a  s i x  month  p e r i o d  t h e .  v e s s e l  must  consume 35-50% 
more f u e l  t o  m a i n t a i n  s p e e d  a n d ,  f u r t h e r m o r e ,  t h e  maximum 
a t t a i n a b l e  s p e e d  w i l l  b e  r e d u c e d  b y  1 t o  2 k n o t s .  A n o t h e r  
e s t i m a t e  [4]  s t a t e s  t h a t  o f  t h e  R o y a l  Navy f u e l  b i l l  o f  
t w e n t y  m i l l i o n  p o u n d s  p e r  annum, a b o u t  f o u r  m i l l i o n  p o u n d s  
i s  s p e n t  on o v e r c o m in g  t h e  e f f e c t s  o f  m a r i n e  f o u l i n g .
As w e l l  a s  t h e  e conom ic  c o n s e q u e n c e s  o f  f o u l i n g  
a c c u m u l a t i o n ,  t h e r e  a r e  a l s o  a  v a r i e t y  o f  t e c h n i c a l  
p r o b l e m s  a s s o c i a t e d  w i t h  t h e  phenom enon.  C e r t a i n  t y p e s  
o f  f o u l i n g  g r e a t l y  a c c e l e r a t e  c o r r o s i o n .  A g r o w i n g  
b a r n a c l e  s h e l l ,  f o r  e x a m p l e ,  i s  a b l e  t o  l i f t  a  p r o t e c t i v e  
c o a t i n g  t h e r e b y  e x p o s i n g  t h e  s u b s t r a t e  t o  s a l t  w a t e r .  
E x c e s s i v e  f o u l i n g  w i l l  a l s o  i n h i b i t  t h e  p e r f o r m a n c e  o f  
d e l i c a t e  u n d e r w a t e r  e q u i p m e n t .  Sonar a p p a r a t u s  s u f f e r  
l o s s  o f  r a n g e ,  s i g n a l  d i s t o r t i o n  an d  i n c r e a s e d  b a c k ­
g r o u n d  n o i s e  l e v e l s  due t o  t h e  p r e s e n c e  o f  h a r d - s h e l l e d  
o r g a n i s m s  on t h e  e q u ip m e n t  h o u s i n g s .
The s e v e r i t y  o f  t h e  f o u l i n g  p r o b l e m  i s  i n f l u e n c e d  by  t h e  
t y p e  o f  e n v i r o n m e n t  ( s e a w a t e r  o r  f r e s h w a t e r ,  t e m p e r a t e  
o r  t r o p i c a l ) ,  t h e  t y p e  o f  v e s s e l  and  i t s  s a i l i n g  p a t t e r n .  
S m a l l  v e s s e l s  ( p l e a s u r e  c r a f t ,  c e r t a i n  f i s h i n g  b o a t s )  
a r e  r e l a t i v e l y  e a s y  t o  c l e a n  d u r i n g  p e r i o d s  when t h e i r  
s e r v i c e s  a r e  n o t  r e q u i r e d .  H ow ever ,  t h e  d r y - d o c k i n g  o f  
l a r g e  o c e a n - g o i n g  v e s s e l s  r e p r e s e n t s  c o n s i d e r a b l e
-  3 -
e x p e n s e  i n  t e r m s  o f  a s s o c i a t e d  d o c k i n g  f e e s  a n d  l o s s  o f  
r e v e n u e  d u r i n g  t h e  d o c k i n g  p e r i o d .  The o v e r a l l  a n n u a l  
c o s t  ( c . a .  1970)  t o  t h e  UK s h i p p i n g  i n d u s t r y  was p u t  a t  
f i f t y  m i l l i o n  p o u n d s  [ 2 ] ,  From a  n a v a l  s t a n d p o i n t ,  
e c o n o m ic  c o n s i d e r a t i o n s  a n d  a l s o  a  c h a n g e  i n  t h e  s t r a t e g i c  
r o l e  o f  s u r f a c e  v e s s e l s  a r e  d e m a n d in g  g r e a t e r  i n - s e r v i c e  
p e r i o d s  b e tw e e n  d r y  d o c k i n g .  S u b m a r in e s  o f t e n  s p e n d  
m on ths  a t  u n d e r w a t e r  d u t y  s t a t i o n s  d u r i n g  w h ic h  t i m e  
t h e y  c o u l d  s u f f e r  b a d l y  f rom  t h e  e f f e c t s  o f  m a r in e  
f o u l i n g .  O t h e r  f o u l i n g  t a r g e t s  i n c l u d e  s e a  w a l l s ,  
p i l i n g s ,  o i l  d r i l l i n g  r i g s ,  c a b l e s  and  p i p e s .
1.3 Antifouling Systems
T h e re  a r e  b a s i c a l l y  two m e th o d s  o f  c o n t r o l l i n g  m a r i n e  
f o u l i n g .  One a p p r o a c h  i s  t o  rem ove t h e  f o u l i n g  o r g a n i s m  
a s  i t  a t t a c h e s  w h ic h  i s  n o t  v e r y  p r a c t i c a l .  The o t h e r ,  
more e f f e c t i v e ,  m e thod  i s  t o  p e r i o d i c a l l y  a p p l y  a  
p r o t e c t i v e  c o a t i n g  t h a t  d e s t r o y s  o r  r e p e l s  t h e  o r g a n i s m s  
b e f o r e  t h e y  e s t a b l i s h  t h e m s e l v e s  on t h e  s u r f a c e .  Such  
c o a t i n g s  f u n c t i o n  by r e l e a s i n g  c h e m i c a l s  ( b i o c i d e s )  t o  
t h e  c o a t i n g / w a t e r  i n t e r f a c e  w h e re  t h e y  t h e n  e x e r t  a  
t o x i c  e f f e c t  on t h e  a q u a t i c  o r g a n i s m s .
T h r e e  a p p r o a c h e s  h a v e  b e e n  a d o p t e d  i n  t h e  d e v e lo p m e n t  
o f  a n t i f o u l i n g  c o a , t i n g s .  In  t h e  f i r s t  a p p r o a c h ,  a  
b i o c i d e  i s  d i s p e r s e d  i n  a  p a i n t  m a t r i x  an d  e f f i c a c i o u s  
s u r f a c e  c o n c e n t r a t i o n s  a r e  m a i n t a i n e d  v i a  a  l e a c h i n g  
mechan ism .  The s e c o n d  a p p r o a c h  i s  t o  d i s p e r s e  t h e  
b i o c i d e  i n t o  an e l a s t o m e r  m a t r i x  w h i c h ,  v i a  a  d i f f u s i o n -
-  4 -
d i s s o l u t i o n  p r o c e s s ,  a f f o r d s  t h e  c o n t r o l l e d  r e l e a s e  o f  
b i o c i d e  t o  t h e  s u r f a c e .  The t h i r d  a p p r o a c h  i n v o l v e s  
a p p e n d i n g  a  t o x i c a n t  m o i e t y  t o  a  p o ly m e r  b a c k b o n e .  The 
b i o c i d e  r e l e a s e  m echanism  i n v o l v e s  h y d r o l y t i c  c l e a v a g e  
o f  t h e  t o x i c  e n t i t y  f ro m  t h e  p o ly m e r  c h a i n .
1.4 Triorganotln Compounds as Biocides
B i o c i d e s  s u i t a b l e  f o r  a n t i f o u l i n g  u s e  must  s a t i s f y  a 
number  o f  c r i t e r i a .  F i r s t l y ,  t h e y  must  show a  h i g h  
d e g r e e  o f  t o x i c i t y  t o w a r d s  a  w id e  s p e c t r u m  o f  f o u l i n g  
o r g a n i s m s .  The compounds s h o u l d  p o s se s s  low  mammalian 
t o x i c i t y  a n d  p r e f e r a b l y  b e  b i o d e g r a d a b l e .  The b i o c i d e  
s h o u l d  be  r e l e a s e d  a t  a  r a t e  w h ic h  i s  c o m p a t i b l e  w i t h  i t s  
t o x i c  p r o p e r t i e s  and  m ust  b e  an  e c o n o m i c a l l y  v i a b l e  
p r o p o s i t i o n  i n  t e r m s  o f  p r a c t i c a l  c o a t i n g  p r o d u c t i o n .
O ver  t h e  y e a r s ,  a  number o f  compound t y p e s  h a v e  b e e n  
shown t o  p o s s e s s  b i o c i d a l  a c t i v i t y  t o w a r d s  a  v a r i e t y  o f  
f o u l i n g  o r g a n i s m s .  O r g a n o m e r c u r i a l s , c y a n i d e s ,  a r s e n i c  
s a l t s  and  o x i d e s  have  a l l  b e e n  e v a l u a t e d  b u t  t h e i r  h i g h  
mammalian t o x i c i t y  and  e n v i r o n m e n t a l  p e r s i s t e n c e  h a s  
p r e v e n t e d  w i d e s p r e a d  a p p l i c a t i o n  o f  s u c h  m a t e r i a l s .  
S e v e r a l  o r g a n o l e a d  compounds h a v e  shown p r o m i s i n g  
p o t e n t i a l  a s  a n t i f o u l a n t s ,  n a m e l y ,  t r i p h e n y l l e a d  
- s u l p h i d e ,  - c h l o r i d e ,  - 2 - e t h y l l h e x a n o a t e , - l a u r a t e ,  
- i m i d a z o l e  and  - b e n z y l  s u l p h i d e  [ 3 ] .  However ,  t h e  l o n g ­
t e r m  e n v i r o n m e n t a l  h a z a r d  o f  l e a d  compounds h a s  a l s o  
p r e v e n t e d  t h e i r  u s e  a s  a n t i f o u l a n t s .
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D u r i n g  t h e  1930*s  t o  t h e  1 9 5 0 *s ,  c u p r o u s  o x i d e  (Cu20)  
became t h e  d o m in a n t  c h o i c e  o f  t o x i c a n t  f o r  i n c o r p o r a t i o n  
i n t o  p a i n t  s y s t e m s .  A l th o u g h  t h i s  m a t e r i a l  s a t i s f i e d  
t h e  i m p o r t a n t  b i o c i d a l  c r i t e r i a  (when p r o p e r l y  f o r m u l a t e d )  
and  o f f e r e d  r e a s o n a b l e  f o u l - f r e e  l i f e t i m e s  ( s i x  m onths  
i n  t r o p i c a l  w a t e r s ,  e i g h t e e n  m on ths  i n  t e m p e r a t e  w a t e r s ) ,  
i t  d o e s  s u f f e r  a  number  o f  s e r i o u s  d r a w b a c k s .  The f i r s t  
p r o b l e m  c o n c e r n s  t h e  b i o c i d e  r e l e a s e  m ech an ism  f o r  p a i n t s  
w h i c h ,  i n  t u r n ,  d e t e r m i n e s  t h e  e f f e c t i v e  t o x i c a n t  l o a d i n g .  
A l e a c h i n g  m echan ism  r e l i e s  upon t h e  c o n t i n u a l  g r o w th  o f  
a  p o r e  s t r u c t u r e  so  t h a t  w a t e r  c a n  p e n e t r a t e  t h e  f i l m  an d  
c o n t a c t  f r e s h  c o p p e r .  S y s tem  d y n a m i c s ,  t h e r e f o r e ,  r e q u i r e  
v e r y  h i g h  t o x i c a n t  l o a d i n g s  -  t y p i c a l l y  85-92%, o f  
Cu20 ( d r y  w e i g h t )  f o r  e f f e c t i v e  l e a c h i n g  a n d  t h e n c e  
f o u l i n g  c o n t r o l .  Such h i g h  t o x i c a n t  l o a d i n g s  l e a d  t o  
d e t r i m e n t a l  e f f e c t s  on  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  
p a i n t  m a t r i x  s u c h  a s  t e n s i l e  s t r e n g t h ,  p e e l  and  a b r a s i o n  
r e s i s t a n c e .  T h e se  l o a d i n g s  a l s o  mean t h a t  Cu20 - b a s e d  
p a i n t s  a r e  n e c e s s a r i l y  a  r e d - b r o w n  c o l o u r  a n d  no o t h e r  
c h o i c e  i s  a v a i l a b l e .  A n o th e r  s e r i o u s  p r o b l e m  a r i s e s  f ro m  
t h e  f a c t  t h a t  c o p p e r  i o n s  r e a d i l y  fo rm  a  g a l v a n i c  c o u p l e  
w i t h  i r o n ,  t h e r e b y  a c c e l e r a t i n g  t h e  c o r r o s i o n  o f  s t e e l  
s u b s t r a t e s .  H e n c e ,  i t  i s  n e c e s s a r y  t o  a p p l y  a  c o p p e r -  
im p e rm e a b le  p a i n t  b e tw e e n  t h e  s u b s t r a t e  and  t h e  a n t i ­
f o u l i n g  c o a t i n g .
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I n  1961,  a n t i f o u l i n g  p a i n t s  i n c o r p o r a t i n g  t r i o r g a n o t i n  
(R3SnX) b i o c i d e s  e n t e r e d  t h e  m a r k e t  h a v i n g  a s  t h e i r  
p r i n c i p a l  a d v a n t a g e s ,  h i g h e r  b i o c i d a l  a c t i v i t y ,  a  n o n -  
c o r r o s i v e  n a t u r e  a n d  t h e  a b i l i t y  t o  p ig m e n t  w i t h  b r i g h t  
c o l o u r s .  The m ain  d i s a d v a n t a g e s  i n  t h e  u s e  o f  o r g a n o t i n s  
s t e m  f ro m  t h e i r  i n h e r e n t  mammalian t o x i c i t y  an d  t h e  
r e s u l t a n t  h a z a r d s  i n  c o a t i n g  a p p l i c a t i o n .  They a r e  more 
c o s t l y  t h a n  Cu20 an d  o f f e r  s h o r t e r  f o u l - f r e e  l i f e t i m e s  
( 3 - 4  m o n th s )  t h a n  t h e  b e t t e r  Cu20  c o m p o s i t i o n s  [ 3 ] .
The most  e f f e c t i v e  a n d  w i d e l y  u s e d  o r g a n o t i n  b i o c i d e  i s  
b i s ( t r i - n - b u t y l t i n ) o x i d e  -  T B T O ® .  O t h e r  o r g a n o t i n s  
t h a t  have  b e e n  i n c o r p o r a t e d  i n t o  p a i n t s  i n c l u d e  
t r i b u t y l t i n  c a r b o x y e t h y l m e r c a p t a l s  [ 5 ] ,  t r i a l k y l t i n  
o x y m e r c u r i c  a l k y l s  [ 6 ] ,  b i s ( t r i b u t y l t i n )  t e t r a c h l o r o -  
p t h a l a t e  [ 7 ] ,  t r i b u t y l t i n  s u l p h i d e  [ 8 ]  an d  t r i b u t y l t i n  
f l u o r i d e  [ 9 ] .
1.5 Control led Release Elastomers
The n e e d  t o  p r o v i d e  l o n g e r  p e r i o d s  o f  p r o t e c t i o n  f o r  
n a v a l  v e s s e l s  an d  g i a n t  t a n k e r s ,  i n  p a r t i c u l a r ,  h a s  l e d  
t o  t h e  d e v e lo p m e n t  o f  o r g a n o t i n / e l a s t o m e r i c  s y s t e m s .  I n  
t h i s  t y p e  o f  c o a t i n g ,  t h e  b i o c i d e  i s  compounded i n t o  t h e  
b a s e  p o ly m e r  a l o n g  w i t h  a  v a r i e t y  o f  e s s e n t i a l  a d d i t i v e s  
s u c h  a s  c u r a t i v e s ,  c u r i n g  a c c e l e r a t o r s ,  p r o t e c t i v e  
a g e n t s  ( a n t i o x i d a n t s )  an d  r e i n f o r c i n g  p i g m e n t s .  T h e s e  
m a t e r i a l s  a r e  m ixed  t o g e t h e r  i n  a  r u b b e r  m i l l  an d  t h e  
w h o le  mass  i s  t h e n  h e a t e d  ( t y p i c a l l y  t o  1 5 0 °C) t o  e f f e c t  
c r o s s - l i n k i n g  o f  t h e  p o ly m e r  c h a i n s  an d  t h e r e b y  p r o d u c e  a  
c o a t i n g  w i t h  u s e f u l  p h y s i c a l  p r o p e r t i e s .
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The b i o c i d e  r e l e a s e  mechanism  i n  t h e s e  c o a t i n g s  i s  b a s e d  
on  a  d i f f u s i o n - d i s s o l u t i o n  p r o c e s s  w h ich  r e q u i r e s  t h e  
t o x i c  a g e n t  t o  p o s s e s s  a  h i g h  l e v e l  o f  s o l u b i l i t y  i n  t h e  
e l a s t o m e r  and  r e l a t i v e l y  low s o l u b i l i t y  i n  w a t e r .  Under  
t h e s e  c o n d i t i o n s  a s  b i o c i d e  m o l e c u l e s  on o r  n e a r  t h e  
s u r f a c e  a r e  l o s t  due t o  d i s s o l u t i o n  and  p a s s a g e  t o  t h e  
s u r r o u n d i n g  e n v i r o n m e n t ,  i n t e r n a l  t o x i c a n t  m o l e c u l e s  
m i g r a t e  t o w a r d s  t h e  d e p l e t e d  a r e a  u n d e r  s o l u t i o n  p r e s s u r e .  
The p r o c e s s  i s  c o n t i n u o u s  w i t h  e i t h e r  i n t e r n a l  d i f f u s i o n  
o r  s u r f a c e  d i s s o l u t i o n  b e i n g  r a t e  c o n t r o l l i n g .
The s o l u t i o n  p r o p e r t i e s  o f  a  v a r i e t y  o f  t r i - n - b u t y l t i n  
compounds r e n d e r  them  a m e n a b le  t o  t h i s  k i n d  o f  dynam ic  
s y s t e m .  The e f f e c t i v e n e s s  o f  TBTO, t r i - n - b u t y l t i n  
f l u o r i d e  (TBTF) a n d  t r i - n - b u t y l t i n  a c e t a t e  (TBTAc) i n  
n a t u r a l  r u b b e r ,  n i t r i l e  r u b b e r  an d  n e o p r e n e  
( p o l y c h l o r o p r e n e )  was i n v e s t i g a t e d  a t  t h e  A u s t r a l i a n  
D e f e n c e  S t a n d a r d s  L a b o r a t o r i e s  i n  1972 [ 1 0 ] .  I n  t h i s  
s t u d y ,  i t  was c o n c l u d e d  t h a t  TBTO and  TBTAc w e re  
s l i g h t l y  s o l u b l e  (> 5%) i n  n i t r i l e  r u b b e r  a n d  n e o p r e n e ,  
w h i l s t  TBTF i s  e s s e n t i a l l y  i n s o l u b l e  i n  a l l  t h r e e  
e l a s t o m e r s .  As a  r e s u l t  o f  t h i s  o b s e r v a t i o n ,  i t  was 
c l e a r  t h a t  TBTF c o u l d  n o t  m i g r a t e  t h r o u g h  t h e  b u l k  o f  
t h e  c o a t i n g  a s  r e q u i r e d  by  t h e  d i f f u s i o n - d i s s o l u t i o n  
m o d e l .  S i n c e  TBTF had  d e m o n s t r a t e d  s u p e r i o r  a n t i f o u l i n g  
p r o t e c t i o n  o v e r  TBTO an d  TBTAc.in  e a c h  o f  t h e  e l a s t o m e r  
s y s t e m s ,  t h e  c o n c e p t  o f  w a t e r  a b s o r p t i o n  f o l l o w e d  by  
l e a c h i n g  had  t o  b e  c o n s i d e r e d .  T h i s  a l t e r n a t i v e  b i o c i d e
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r e l e a s e  m echan ism  was t h e n  d e m o n s t r a t e d  when e a c h  
o r g a n o t i n  was d i s p e r s e d  i n  a  b u t y l  r u b b e r  f o r m u l a t i o n  
w h ic h  e x h i b i t e d  o n ly ,  v e r y  s l i g h t  w a t e r  a b s o r p t i o n  
( 0 . 7 - 1 . 0 % ) com pared  w i t h  7 .0 -8 .4 %  f o r  n e o p r e n e ) .  I n  t h i s  
e x p e r i m e n t  t h e  TBTF-based  c o a t i n g ,  a f t e r  t h r e e  m onths  
m a r i n e  e x p o s u r e ,  was t h e  m ost  e x t e n s i v e l y  f o u l e d  s y s t e m .
The o v e r a l l  c o n c l u s i o n  drawn f ro m  t h e s e  e x p e r i m e n t s  was 
t h a t  t h e  c h o i c e  o f  t o x i c a n t  f o r  a  p a r t i c u l a r  m a t r i x  
s h o u l d  b e  b a s e d  on t h e  s o l u b i l i t y  o f  t h e  t o x i c a n t  i n  
t h e  e l a s t o m e r ,  i t s  s o l u b i l i t y  i n  s e a  w a t e r  a n d  t h e  w a t e r  
a b s o r p t i o n  p r o p e r t i e s  o f  t h e  e l a s t o m e r .  O t h e r  f a c t o r s  
t h a t  w i l l  i n f l u e n c e  b i o c i d e  r e l e a s e  r a t e s  a r e  t h e  c a r b o n -  
b l a c k  c o n t e n t  and  v u l c a n i s a t i o n  t i m e  an d  t e m p e r a t u r e  o f  
t h e  e l a s t o m e r  m a t r i x .
S i n c e  t h e  d e v e lo p m e n t  o f  t h e  f i r s t  a n t i f o u l i n g  e l a s t o m e r s  
i n  1964 by s c i e n t i s t s  o f  t h e  BF G o o d r i c h  Company, num erous  
p a t e n t s  and  p u b l i c a t i o n s  have  a p p e a r e d  d e s c r i b i n g  t h e  
u s e  o f  v a r i o u s  o r g a n o t i n s  i n  d i f f e r e n t  e l a s t o m e r  m a t r i c e s .  
One o f  t h e  most  s u c c e s s f u l  g e n e r a l  p u r p o s e  c o a t i n g s  i s  
t h a t  b a s e d  on n e o p r e n e  i n c o r p o r a t i n g  TBTO o r  TBTF a s  
t h e  b i o c i d e  [ 1 0 , 1 1 ] .  N a v i g a t i o n  b u o y s  c o v e r e d  w i t h  
t h e s e  t y p e s  o f  c o a t i n g  and  im m ersed  i n  t r o p i c a l  w a t e r s  
w e re  e s s e n t i a l l y  f r e e  o f  f o u l i n g  a f t e r  7\ y e a r s 1 
im m e rs io n  [ 1 2 ] ,  In  a n o t h e r  a p p l i c a t i o n ,  a  n e o p r e n e  
s h e e t  c o n t a i n i n g  TBTO was a p p l i e d  t o  t h e  h u l l  o f  a  
p l e a s u r e  b o a t  [ 1 3 ] .  A f t e r  9£ y e a r s ,  t h e  h u l l  was 
v i r t u a l l y  f r e e  o f  a l l  f o u l i n g  and  a d h e s i o n  o f  t h e  r u b b e r  
t o  t h e  s t e e l  s u b s t r a t e  was r e p o r t e d  a s  " e x c e l l e n t " .
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1.6 S tructural  Studies of Organotin-based Coatings
A l t h o u g h  t h e  f o r m u l a t i o n  o f  new c o a t i n g s  c o n t a i n i n g  
o r g a n o t i n  b i o c i d e s ,  u s e d  a l o n e  o r  w i t h  a  c o - t o x i c a n t  
( e g  t r i a z i n e  h e r b i c i d e s ) ,  h a s  b e e n  t h e  s u b j e c t  o f  much 
a c t i v e  r e s e a r c h ,  t h e  d e t e r m i n a t i o n  o f  t h e  c h e m i c a l  fo rm  
o f  t h e  t o x i c a n t  i n  t h e  b u l k  an d  on t h e  s u r f a c e  o f  t h e  
c o a t i n g s  h a s  r e c e i v e d  l e s s  a t t e n t i o n .
One o f  t h e  f i r s t  a t t e m p t s  t o  i n v e s t i g a t e  t h e  f a t e  o f  
TBTO a n d  t r i - n - b u t y l t i n  c h l o r i d e  (TBTC1) i n  n e o p r e n e  
was u n d e r t a k e n  by  K a n a k k a n a t t  e t  a l  [ 1 4 ] .  U s i n g  t o r q u e  
r h e o m e t r y ,  t h e y  w ere  a b l e  t o  d e m o n s t r a t e  t h e  
p a r t i c i p a t i o n  o f  TBTO i n  t h e  p o ly m e r  c u r i n g  r e a c t i o n  
u n d e r  s t a n d a r d  c o n d i t i o n s .  As a  r e s u l t  o f  t h i s  i n t e r ­
a c t i o n ,  i t  was c o n c l u d e d  t h a t  i n  a  neoprene /T B T O  
f o r m u l a t i o n  t h e  t o x i c a n t  t h a t  a c t u a l l y  r e a c h e s  t h e  
w a t e r  i s  p r o b a b l y  TBTC1 -  o r  a t  l e a s t  a  m i x t u r e  o f  
TBTC1 and TBTO. Woodford h a s  e x a m in e d  t h e  p a r a m e t e r s  
c o n t r o l l i n g  t h e  r e l e a s e  o f  TBTO, TBTF an d  TBTAc o f  
v a r i o u s  e l a s t o m e r s  [ 1 0 ] ,  T h i s  w o rk ,  e x t e n d e d  by  
de  F o r e s t  e t  a l  [ 1 5 ] ,  i n v o l v e d  s t a n d a r d  f o r m u l a t i o n  
p r o c e d u r e s  (com pound ing  f o l l o w e d  by  c u r i n g  a t  1 5 0 °C) 
and  i t  was s u g g e s t e d  t h a t  e a c h  o r g a n o t i n  may b e  c o n v e r t e d  
d u r i n g  v u l c a n i s a t i o n  i n t o  a  s i n g l e  o r g a n o t i n  compound 
s u c h  a s  TBTC1.
S i n c e  t h e s e  e x p e r i m e n t s , ,  v e r y  l i t t l e  w ork  h a s  b e e n  
r e p o r t e d  i n  t h e  l i t e r a t u r e  r e g a r d i n g  t h e  f a t e  o f  
o r g a n o t i n  b i o c i d e s  i n  e l a s t o m e r  m a t r i c e s .  Some s t r u c t u r a l
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s t u d i e s  h a v e  b e e n  made on  t r i b u t y l t i n - b a s e d  p a i n t  
s y s t e m s .  Hoffman e t  a l  [ 1 6 ]  u s i n g  i n f r a r e d  s p e c t r o s c o p y ,  
d e m o n s t r a t e d  t h e  c o n v e r s i o n  o f  TBTO t o  w ha t  was  a l m o s t  
c e r t a i n l y  a  t r i b u t y l t i n  c a r b o x y l a t e .  L i k e w i s e ,  O ' B r i e n  
e t  a l  [1 7 ]  u s e d  t i n - 1 1 9  M o ssb au e r  s p e c t r o s c o p y  t o  
i n d i c a t e  t h e  s t r u c t u r a l  c h a n g e s  u n d e r g o n e  b y  TBTO when 
d i s p e r s e d  i n t o  a  c o m m e r c i a l  p a i n t  m a t r i x .
1.7 Objectives of the Present Study
I t  i s  c l e a r  f ro m  t h e  f o r e g o i n g  d i s c u s s i o n  on c o n t r o l l e d -  
r e l e a s e  e l a s t o m e r s ,  t h a t  t h e r e  e x i s t  a  number  o f  a r e a s  
t h a t  a r e  w o r t h y  o f  d e t a i l e d  i n v e s t i g a t i o n .  T h e se  
i n c l u d e :
( i )  A s t u d y  o f  t h e  f a t e  o f  t y p i c a l  a n t i f o u l i n g
b i o c i d e s  when i n c o r p o r a t e d  i n t o  an  e l a s t o m e r  
f o r m u l a t i o n  an d  c u r e d  u n d e r  s t a n d a r d  c o n d i t i o n s .
( i i )  D e t e r m i n i n g  t h e  n a t u r e  an d  i d e n t i f y  o f  t h e  m ost
l i k e l y  p r o d u c t s  fo rm ed  i n  o r g a n o t i n - m a t r i x
i n t e r a c t i o n s ,  and t h e n c e  t o  a s s e s s  t h e  u s e f u l n e s s  
o f  t h e  o r i g i n a l  o r g a n o t i n  i n  t h e s e  t y p e s  o f  
c o a t i n g s .
( i i i )  An e x a m i n a t i o n  o f  t h e  l o n g - t e r m  d e g r a d a t i o n  o f  
t h e  t o x i c a n t s  and  t h e  e n v i r o n m e n t a l  
i m p l i c a t i o n s  o f  u s i n g  o r g a n o t i n - b a s e d  e l a s t o m e r s .
( i v )  A s t u d y  o f  t h e  r o l e  o f  one  p a r t i c u l a r  o r g a n o t i n ,
TBTO, i n  t h e  c u r i n g  o f  n e o p r e n e .
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Many o f  t h e  s t u d i e s  i n v o l v i n g  t h e  c h a r a c t e r i s a t i o n  o f  
o r g a n o t i n s  h a v e  r e l i e d  upon c h e m i c a l  s e p a r a t i o n  
t e c h n i q u e s  ( u s u a l l y  s o l v e n t  e x t r a c t i o n  o r  l e a c h i n g )  
t o  remove t h e  com pound(S)  f ro m  t h e  r e s t  o f  t h e  m a t r i x ,  
f o l l o w e d  by some fo rm  o f  s e l e c t i v e  d e t e c t i o n  m e th o d .
F or  e x a m p le ,  Sherman e m p lo y ed  a  c o m p l e x o m e t r i e  m e th o d  
on h e x an e  e x t r a c t e d  r e s i d u e s  t o  m o n i t o r  t h e  c o n t r o l l e d  
r e l e a s e  o f  TBTF f ro m  a  p o l y t h e n e - b a s e d  m o l l u s c i c i d e  
[ 1 8 ] .  Monaghan e t  a l  [19 ]  have  em ployed  s o l v e n t  
e x t r a c t i o n  ( c h l o r o f o r m )  on  a q u e o u s  s o l u t i o n s  f o l l o w e d  
by  t h i n - l a y e r  c h r o m a t o g r a p h y  (TLC) and  i n f r a r e d  
s p e c t r o s c o p y  t o  i d e n t i f y  v a r i o u s  t r i p h e n y l -  and  
t r i b p t y l t i n  d e r i v a t i v e s  i n  a  s t u d y  o f  t h e  e n v i r o n m e n t a l  
f a t e  o f  o r g a n o t i n  a n t i f o u l a n t s .  O r g a n o t i n  d e g r a d a t i o n  
was a l s o  o f  i n t e r e s t  t o  B a ru g  and  Vonk [20 ]  who u t i l i s e d  
c a r b o n - 1 4  l a b e l l e d  TBTO and  a  r a d i o c o u n t i n g  t e c h n i q u e  
t o  d e m o n s t r a t e  t h e  d e g r a d a t i o n  o f  t h i s  compound i n  
d i f f e r e n t  s o i l  t y p e s .  S o l v e n t  e x t r a c t i o n  f o l l o w e d  by  TLC 
e s t a b l i s h e d  t h e  p r e s e n c e  o f  d i b u t y l t i n  d e r i v a t i v e s  a s  
d e g r a d a t i o n  p r o d u c t s .  G a s - c h r o m a t o g r a p h y  (GC) w i t h  f l a m e -  
p h o t o m e t r i c  d e t e c t i o n  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  t o  
t h e  a n a l y s i s  o f  C a n a d ia n  w a t e r s  f o r  n - b u t y l t i n  
d e r i v a t i v e s  [ 2 1 ] ,  I n  t h i s  p r o c e d u r e ,  t h e  o r g a n o t i n s  w e r e  
c o n v e r t e d  t o  t h e  v o l a t i l e  n - p e n t y l  d e r i v a t i v e s  p r i o r  t o  
i n j e c t i o n  i n t o  t h e  GC a p p a r a t u s .  The p r o b l e m  o f  
i d e n t i f y i n g  o r g a n o t i n  d e g r a d a t i o n  p r o d u c t s  an d  a s s e s s m e n t  
o f  t h e i r  r o l e  a s  e n v i r o n m e n t a l  p o l l u t a n t s  h a s  a l s o  b e e n  
a d d r e s s e d  by  G uard  e t  a l  [ 2 2 ] ,  They u s e d  t i n - 1 1 9  n u c l e a r
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m a g n e t i c  r e s o n a n c e  (NMR) s p e c t r o s c o p y  t o  c h a r a c t e r i z e  
t h e  o r g a n o t i n  compounds r e c o v e r e d  f ro m  s e d i m e n t s  a n d  
s e a - w a t e r  s o l u t i o n s  o f  TBTO, TBTAc an d  TBTC1.
T r i b u t y l t i n  compounds ( m a i n l y  TBTO) have  a l s o  f o u n d  
w id e  a n d  s a t i s f a c t o r y  u s e  a s  f u n g i c i d e s  i n  wood 
p r e s e r v a t i v e  f o r m u l a t i o n s  [ 2 3 ] .  I n  an  a t t e m p t  t o  
e v a l u a t e d  t h e  p e r f o r m a n c e  o f  TBTO a s  a  f u n g i c i d e  and  
t o  m o n i t o r  i t s  b reakdow n  i n  wood,  H i l l  e t  a l  [24]  
e m p lo y ed  TLC f o l l o w e d  by  a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y  
w i t h  e l e c t r o t h e r m a l  a t o m i z a t i o n  f o r  t h e  q u a n t i t a t i v e  
d e t e r m i n a t i o n  o f  TBTO b reak d o w n  p r o d u c t s  i n  s a w d u s t  
s a m p l e s .  D e g r a d a t i o n  o f  t h e  p r e s e r v a t i v e  was 
a t t r i b u t e d  t o  a  c o m b i n a t i o n  o f  b i o l o g i c a l  ( c o n i o p h o r a  
p u t e a n a ,  Chaetomium g lo bosum  a n d  A u r e o b a s i d i u m  
p u l l a l a n s  o r g a n i s m s ) , c h e m i c a l  a n d  p h y s i c a l  f a c t o r s  
( a t m o s p h e r i c  e x p o s u r e ,  t e m p e r a t u r e  e f f e c t s  on s u r f a c e  
l a y e r s ) .  The u s e  o f  a t o m i c  a b s o r p t i o n  a s  a  means o f  
e n v i r o n m e n t a l  a n a l y s i s ,  c o u p l e d  w i t h  a  c h r o m a t o g r a p h i c  
s e p a r a t i o n  p r o c e d u r e  h a s  r e c e n t l y  b een  r e v i e w e d  by 
H a r r i s o n  e t  a l  [ 2 5 ] .
F i n a l l y ,  i n  an e x p e r i m e n t  t o  e s t a b l i s h  t h e  o c c u r r e n c e  
and  e x t e n t  o f  b i o m e t h y l a t i o n  p r o c e s s e s  i n  s e d i m e n t  
e n v i r o n m e n t s ,  C r a i g  and  R a p s o m a n i k i s  [2 6 ]  u s e d  GC w i t h  
mass  s p e c t r o s c o p i c  d e t e c t i o n  t o  c o n c l u d e  t h a t  t h e  m a j o r  
r o u t e  t o  t h e  m e t h y l a t i o n  o f  t i n  i n  t h e  e n v i r o n m e n t  
(> 95%) i s  c h e m i c a l  r a t h e r  t h a n  b i o l o g i c a l  i n  o r i g i n .
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A m a j o r  d r a w b a c k  w i t h  e a c h  o f  t h e  m e th o d s  d i s c u s s e d  
ab o v e  i s  t h e  n e e d  t o  remove t h e  t i n  s p e c i e s  f ro m  i t s  
w o r k i n g  e n v i r o n m e n t  ( w a t e r ,  p a i n t ,  p o l y m e r ,  wood e t c . )  
p r i o r  t o  c h a r a c t e r i s a t i o n  o f  t h e  v a r i o u s  m o i e t i e s .  T h i s  
n e c e s s a r i l y  i m p l i e s  t h a t  an y  i n f o r m a t i o n  r e g a r d i n g  t h e  
n a t u r e  an d  d i s t r i b u t i o n  o f  o r g a n o t i n s  w i t h i n  a  p a r t i c u l a r  
m a t r i x  i s  e i t h e r  l o s t  c o m p l e t e l y  o r  l i m i t e d  by t h e  
s u b j e c t i v e  i n t e r p r e t a t i o n  o f  d a t a  f ro m  e x t r a c t e d  r e s i d u e s .  
In  o r d e r  t o  a c h i e v e  t h e  o b j e c t i v e s  o u t l i n e d  e a r l i e r  f o r  
o r g a n o t i n s  i n  e l a s t o m e r s ,  a  m e thod  c a p a b l e  o f  p r o b i n g  t h e  
c h e m i c a l  e n v i r o n m e n t  o f  t h e  b i o c i d e  i n  s i t u  on a  n o n ­
d e s t r u c t i v e  b a s i s  i s  r e q u i r e d .  By a n a l y s i n g  t h e  i n t a c t  
m a t r i x ,  i t  s h o u l d  t h e n  b e  p o s s i b l e  t o  s t u d y  b i o c i d e -  
c o a t i n g  i n t e r a c t i o n s  ( e i t h e r  w i t h  t h e  b a s e  p o ly m e r  o r  
t h e  com pound ing  i n g r e d i e n t s )  an d  t o  e x a m in e  t h e  
d i s t r i b u t i o n  o f  o r g a n o t i n s  on t h e  s u r f a c e  a n d  t h r o u g h o u t  
t h e  b u l k  o f  t h e  m a t r i x .
M o ssb a u e r  s p e c t r o s c o p y  ( n u c l e a r  gamma f l u o r e s c e n c e  
s p e c t r o s c o p y )  h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  t o  t h e  s t u d y  
o f  o r g a n o t i n s  i n  a  v a r i e t y  o f  m a t r i c e s .  The u s e f u l  
p a r a m e t e r s  t h a t  a r e  d e r i v e d  f rom  M o ssb a u e r  s p e c t r a  o f  
o r g a n o t i n s  i n  n o n - m a g n e t i c  s y s t e m s  a r e  t h e  I s o m e r  
S h i f t  ( 6 )  a n d  t h e  Q u a d r u p o le  S p l i t t i n g  (AEq ) .  T h e se  
c o n c e p t s  w i l l  be  d i s c u s s e d  more f u l l y  i n  C h a p t e r  2 .  The 
main  a d v a n t a g e  t h a t  t h e  t e c h n i q u e  o f f e r s  o v e r  more w i d e l y  
u s e d  a n a l y t i c a l  m e th o d s  a r e :
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( i )  i t  p r o v i d e s  s t r u c t u r a l  i n f o r m a t i o n  on
am orphous  a s  w e l l  a s  c r y s t a l l i n e  s y s t e m s ,
( i i )  t h e  i s o m e r  s h i f t  o f f e r s  un am b ig u o u s
d i s t i n c t i o n  b e t w e e n  t h e  o x i d a t i o n  s t a t e s  
o f  t i n  ( i n  most  c a s e s  [ 2 6 ] ) ,
( i i i )  t h e  q u a d r u p o l e  s p l i t t i n g  p a r a m e t e r  i s
s e n s i t i v e  t o  t h e  t i n  a to m  s t e r e o c h e m i s t r y ,
( i v )  t h e  t e c h n i q u e  i s  n o n - d e s t r u c t i v e ,
( v )  t h e  t e c h n i q u e  i s  f r e e  o f  t h e  s p e c t r a l
i n t e r f e r e n c e  p r o b l e m s  common t o  m os t  a t o m i c  
s p e c t r o s c o p i c  m e th o d s .
T h e se  p r o p e r t i e s  h a v e  b e e n  e x p l o i t e d  b y  many w o r k e r s  i n  
t h e  s t r u c t u r a l  a n a l y s i s  o f  a  v a r i e t y  o f  i n d u s t r i a l l y  
i m p o r t a n t  o r g a n o t i n - b a s e d  s y s t e m s .  F o r  e x a m p l e ,  
c e l l u l o s i c  m a t e r i a l s  s u c h  a s  c o t t o n  t e x t i l e s  o r  wood 
can  b e  p r o t e c t e d  f ro m  t h e  e f f e c t s  o f  f u n g a l  a t t a c k  i f  
t h e y  a r e  i m p r e g n a t e d  w i t h  a  s o l u t i o n  o f  TBTO. S m i th  
e t  a l  [28]  u s i n g  t i n - 1 1 9  M o ssb au e r  s p e c t r o s c o p y ,  h a v e  
d e m o n s t r a t e d  t h e  s t r u c t u r a l  c h a n g e s  u n d e r g o n e  b y  TBTO 
when d i s p e r s e d  i n  t h e s e  m e d ia .  W i th  s u p p o r t i n g  i n f r a r e d  
d a t a ,  t h e y  p r o p o s e d  t h e  i n  g i t u  c o n v e r s i o n  o f  TBTO t o  
t h e  c o r r e s p o n d i n g  c a r b o n a t e  (TBTCO) v i a  r e a c t i o n  w i t h  
a d s o r b e d  c a r b o n  d i o x i d e .
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D i a l k y I t i n  d i m e r c a p t i d e s  a r e  w i d e l y  u s e d  f o r  t h e  t h e r m a l  
s t a b i l i s a t i o n  o f  PYC an d  s e v e r a l  w o r k e r s  h a v e  e m p lo y ed  
t h e  M ossbauer  e f f e c t  t o  e l u c i d a t e  t h e i r  mode o f  a c t i o n ,  
m i g r a t i o n  an d  d e g r a d a t i o n  w i t h i n  t h e  p o ly m e r  m a t r i x .
A l l e n  e t  a l  [29 ]  s t u d i e d  t h e  t h e r m a l  d e g r a d a t i o n  o f  PVC 
c o n t a i n i n g  d i b u t y l t i n b i s ( i s o o c t y l t h i o g l y c o l l a t e )  and  
d i b u t y l t i n b i s ( i s o o c t y l m a l e a t e )  s t a b i l i s e r s .  A c o m p a r i s o n  
b e tw e e n  t h e  AEq v a l u e s  f o r  t h e  PVC s y s t e m s  a n d  n e a t  
o r g a n o t i n  compounds i n d i c a t e d  t h a t ,  i n  e a c h  c a s e ,  t h e  
s t a b i l i s e r  h a d  b e e n  c o n v e r t e d  i n t o  t h e  d i a l k y l t i n  
m o n o c h l o r o e s t e r  o n l y  an d  n o t  i n t o  t h e  d i a l k y l t i n  d i c h l o r i d e  
a s  was p r e v i o u s l y  s u g g e s t e d  [ 3 0 ] .  The b i s ( m a l e a t e )  i s  
r e p o r t e d  t o  b e  an  e x c e l l e n t  s t a b i l i s e r  t o w a r d s  t h e  UV 
d e g r a d a t i o n  o f  PVC w h e r e a s  t h e  b i s t h i o g l y c o l l a t e  h a s  o n l y  
l i m i t e d  e f f i c i e n c y  i n  t h i s  c a p a c i t y  [ 3 1 ] .
B ro o k s  e t  a l  [32]  u s e d  t i n - 1 1 9  M o ssb au e r  s p e c t r o s c o p y  
t o  show t h a t  a f t e r  e x p o s i n g  PVC s h e e t s ,  s t a b i l i s e d  w i t h  
t h e s e  m a t e r i a l s ,  t o  a r t i f i c i a l  s u n l i g h t  t h e  m a l e a t e  
s t a b i l i s e r  r e m a i n s  c h e m i c a l l y  u n c h a n g e d ,  w h e r e a s  t h e  
t h i o g l y c o l l a t e  r a p i d l y  c o n v e r t s  t o  t h e  m o n o c h l o r o e s t e r  
and  s u b s e q u e n t l y  d e g r a d e s  t o  i n o r g a n i c  t i n  c o m pounds .
The same w o r k e r s  have  r e p o r t e d  an  i n t e r e s t i n g ' d i l u t i o n  
e f f e c t "  on AEq f o r  d i b u t y l t i n  d i c h l o r i d e  when d i s p e r s e d  
i n  PVC a t  1.2% by w e i g h t  [ 3 3 ] .  They o b s e r v e d  a  d e c r e a s e  
i n  AEq f o r  t h i s  compound u p o n  d i s p e r s i o n  a n d  a t t r i b u t e d  
t h e  e f f e c t  t o  t h e  b reakdow n o f  a n  a s s o c i a t e d  s i x  
c o o r d i n a t e  s t r u c t u r e  and  t h e  p r o g r e s s i v e  f o r m a t i o n  o f  
d i m e r i c  u n i t s  i n v o l v i n g  f i v e  c o o r d i n a t e  t i n .
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F u r t h e r  work i n v o l v i n g  o r g a n o t i n  PVC s t a b i l i s e r s  h a s  
i n c l u d e d  a  M ossbauer  s t u d y  o f  t h e  c h a n g e s  u n d e r g o n e  
by  t h e s e  m a t e r i a l s  when e x p o s e d  t o  gamma r a d i a t i o n  [ 3 4 ] .  
The t h r e e  s t a b i l i s e r s  s t u d i e d ,  d i o c t y l t i n b i s ( i s o o c t y l t h i o -  
g l y c o l l a t e ) ,  d i b u t y l t i n b i s C i s o o c t y l t h i o g l y c o l l a t e )  and  
d i b u t y l t i n ( i s o o c t y l m a l e a t e )  w ere  a l l  shown t o  d e g r a d e  
t o  s t a n n i c  c h l o r i d e  when e x p o s e d  t o  r a d i a t i o n  l e v e l s  
t y p i c a l l y  em ployed  i n  p a c k a g e d  f o o d  s t e r i l i s a t i o n .  The 
m a l e a t e  s t a b i l i s e r  was shown t o  b e  t h e  m ost  s t a b l e  o f  t h e  
t h r e e  w i t h  r e s p e c t  t o  d e g r a d a t i o n ,  b u t  t h e  t h i o g l y c o l l a t e  
s t a b i l i s e r  was shown t o  d e g r a d e  v i a  t h e  f o r m a t i o n  o f  t h e  
m o n o c h lo ro  e s t e r  and  d i b u t y l t i n  d i c h l o r i d e .
The s u i t a b i l i t y  o f  t h e  M o ssb a u e r  t e c h n i q u e  f o r  t h e  
s t r u c t u r a l  a n a l y s i s  o f  am orphous  m a t e r i a l s  c o n t a i n i n g  low  
l e v e l s  o f  t i n  h a s ,  t h e r e f o r e ,  b e e n  am ply  d e m o n s t r a t e d  
i n  t h e  p r e v i o u s  s t u d i e s .  As a  means o f  a c h i e v i n g  t h e  
o b j e c t i v e s  s t a t e d  e a r l i e r  c o n c e r n i n g  a n t i f o u l i n g  
e l a s t o m e r s ,  M ossbauer  s p e c t r o s c o p y  i s ,  t h e n ,  t h e  c h o i c e  
o f  p r i n c i p a l  a n a l y t i c a l  t e c h n i q u e  f o r  t h i s  w o rk .  The 
b a s i c  p r i n c i p l e s  o f  t h e  m e th o d  w i l l  b e  o u t l i n e d  i n  t h e  
n e x t  c h a p t e r .
-  17 -
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2.1 THE MOSSBAUER EFFECT
The M o ssb a u e r  e f f e c t ,  o r  t h e  r e c o i l l e s s  e m i s s i o n  and  
r e s o n a n t  a b s o r p t i o n  by t h e  n u c l e u s  o f  a  y - p h o t o n ,  was 
f i r s t  o b s e r v e d  by R L M ossbauer  i n  1957 [1 ]  u s i n g  t h e  
i r i d i u m - 1 9 1  n u c l e u s .  However ,  t h e  c o n c e p t  o f  n u c l e a r  
r e s o n a n t  a b s o r p t i o n  was p r e d i c t e d  a s  l o n g  ago a s  1929 by 
Kuhn, and  a c t u a l l y  o b s e r v e d  i n  1951 by P B Moon [ 2 ] .
I n  Moon’ s  e x p e r i m e n t ,  h o w e v e r ,  n u c l e a r  r e c o i l  e n e r g y  
l o s s  was c o m p e n s a t e d  f o r  by  D o p p l e r  b r o a d e n i n g ,  r a t h e r  
t h a n  e l i m i n a t e d  a s  i n  M o s s b a u e r ’ s  e x p e r i m e n t s .  M o ssb a u e r  
was  t h u s  a b l e  t o  p r o d u c e  m o n o c h r o m a t i c  e l e c t r o m a g n e t i c  
r a d i a t i o n  w i t h  a v e r y  n a r r o w l y  d e f i n e d  e n e r g y  s p e c t r u m  
so  t h a t  i t  became p o s s i b l e  t o  r e s o l v e  m i n u t e  e n e r g y  
d i f f e r e n c e s .
S i n c e  t h e  p i o n e e r i n g  work o f  M o ssb a u e r  ( f o r  w h ic h  he  was 
a w a rd e d  t h e  1961 Nobel  P r i z e  i n  P h y s i c s ) ,  r e c o i l l e s s  
r e s o n a n c e  f l u o r e s c e n c e  (M o ssb a u e r  s p e c t r o s c o p y )  h a s  b e e n  
u s e d  t o  s t u d y  s t r u c t u r a l  and  e l e c t r o n i c  e f f e c t s  i n  many 
c h e m i c a l ,  m e t a l l u r g i c a l  and  o t h e r  s o l i d  s t a t e  s y s t e m s .
The d i r e c t  a p p l i c a t i o n  o f  t h e  t e c h n i q u e  t o  c h e m i s t r y  a r i s e s  
f rom  i t s  a b i l i t y  t o  d e t e c t  s l i g h t  v a r i a t i o n s  i n  t h e  e n e r g y  
o f  i n t e r a c t i o n  b e tw e e n  t h e  n u c l e u s  an d  t h e  e x t r a -  
n u c l e a r  e l e c t r o n s .
2 .1 .1  Resonance Fluorescence
Gamma e m i s s i o n  o c c u r s  when a  n u c l e u s  d r o p s  f ro m  an  e x c i t e d  
s t a t e  t o  one o f  lo w e r  e n e r g y .  I f  t h e s e  y - p h o t o n s  f a l l  
upon a n o t h e r  g ro u n d  s t a t e  n u c l e u s  o f  t h e  same i s o t o p e ,  t h e y
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may, u n d e r  c e r t a i n  c o n d i t i o n s ,  u n d e r g o  r e s o n a n t  
a b s o r p t i o n  and  t h e r e b y  e x c i t e  t h i s  s e c o n d  n u c l e u s .  The 
fu n dam en ta l  c o n d i t i o n  i s  t h a t  t h e  e n e r g y  o f  t h e  y - p h o t o n  
e x a c t l y  m a tc h e s  t h e  n u c l e a r  e x c i t a t i o n  e n e r g y  o f  t h e  
g ro u n d  s t a t e  n u c l e u s .
U n l e s s  p r e c a u t i o n s  a r e  t a k e n ,  h o w e v e r ,  t h e s e  e n e r g i e s  
w i l l  n o t  be  t h e  same s i n c e  b o t h  e m i t t i n g  and  a b s o r b i n g  
n u c l e i  w i l l  u n d e r g o  r e c o i l  and t h e r e f o r e  r e d u c e  t h e  
y - p h o t o n  e n e r g y  by  an amount e q u a l  t o  t h e  r e c o i l  e n e r g y
C o n s i d e r  t h e  e m i s s i o n  o f  r a d i a t i o n  o f  e n e r g y  Ey f ro m  a 
f r e e  n u c l e u s  w i t h  an e x c i t e d  s t a t e  e n e r g y  E0  above  t h e  
g r o u n d  s t a t e .
M
E = hvY Y
E y  hThe momentum o f  t h e  y - p h o t o n  p = — -  = r—Y C A y
S i n c e  momentum must  be  c o n s e r v e d ,  p = p n9 Y ^ n u c l e u s
Assuming n o n - r e l a t i v i s t i c  m e c h a n i c s ,  t h e  v e l o c i t y ,  v ,  
i m p a r t e d  t o  t h e  n u c l e u s  d u r i n g  r e c o i l  g i v e s  i t  momentum:
^ n u c l e u s  = Mv’ and  r e c o i l  e n e r g y ;
_ _ Mv2
ER " ~ 2 ~
p 2 E2rp, . -*-* n u c l e u s  yT h e r e f o r e ,  E_, = ------^ -------  = Tnrr -’ R 2M 2Mc*
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The r e c o i l  e n e r g y  f o r  a  f r e e  n u c l e u s  o f  m ass  number A 
i s  a p p r o x i m a t e d  b y :
E (eV) % 5-37  x IQ- -1 Ep2 (keV)
R A
T h u s ,  f o r  t h e  2 3 .8  keV y - p h o t o n  a r i s i n g  f ro m  t h e  
3 1I  = ^  t o  I  = g e n e r g y  t r a n s i t i o n  o f  t h e  e x c i t e d  t i n - 1 1 9  
n u c l e u s ,  % 2 . 5 6  x 10” 3 eV. S i n c e  E^ << EQ, i t  i s  
v a l i d  t o  assume t h a t  E0  = E^ and  h e n c e  t h e  r e c o i l  e n e r g y  
can  be e s t i m a t e d  f rom  t h e  n u c l e a r  t r a n s i t i o n  e n e r g y  
t h u s ;
E 2
e p = - 2 — ( 1 )2Mc2
In  a b s o r p t i o n ,  t h e  r e c o i l  momentum i s  i n  t h e  o p p o s i t e  
d i r e c t i o n  so  t h a t  t h e  a b s o r b e d  e n e r g y  i s  l e s s  t h a n  E0 
by t w i c e  t h e  r e c o i l  e n e r g y ,  i e :
E 2
Er = —  ( 2 )Me2
The n e t  e f f e c t  o f  n u c l e a r  r e c o i l  on t h e  e m i s s i o n  an d  
a b s o r p t i o n  p r o f i l e s  o f  n a t u r a l  l i n e  w i d t h  r i s  shown 
i n  F i g u r e  2 . 1 .
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E m i t t e r  ( s o u r c e ) A b s o r b e r
Ey
<— E *' REr
2K___________
E m i s s i o n  A b s o r p t i o n
0
F i g u r e  2 . 1  : The M ossbauer  t r a n s i t i o n s  and  c o r r e s p o n d i n g  
s p e c t r a
The above t r e a t m e n t  o f  r e c o i l  e n e r g y  a s su m e s  t h a t  e m i t t i n g  
and  a b s o r b i n g  n u c l e i  a r e  i n i t i a l l y  a t  r e s t .  In  g e n e r a l ,  
h o w e v e r ,  t h i s  w i l l  n o t  be  t h e  c a s e  s i n c e  a t  a g i v e n  
t e m p e r a t u r e ,  T, t h e  n u c l e i  w i l l  p o s s e s s  a p p r e c i a b l e  
random  t h e r m a l  v e l o c i t i e s ,  V^,. I n  t h e  g a s e o u s  s t a t e ,  
t h e  mean k i n e t i c  e n e r g y ,  Ek , o f  t h e  n u c l e i ,  r e s u l t i n g  
f ro m  t h i s  random t h e r m a l  m o t i o n ,  c a n  b e  e s t i m a t e d  f rom  
c l a s s i c a l  c o n s i d e r a t i o n s ,  t h u s ;
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w here  M i s  t h e  mass  o f  a  p a r t i c u l a r  n u c l e u s  and  k i s  
t h e  B o l tzm an n  c o n s t a n t .
Such v e l o c i t i e s  w i l l  l e a d  t o  D o p p l e r  b r o a d e n i n g  o f  t h e
e m i s s i o n  and  a b s o r p t i o n  p r o f i l e s .  T h i s  e f f e c t ,  com bined
w i t h  t h e  c o n c e p t  o f  n u c l e a r  r e c o i l ,  can  b e  d e m o n s t r a t e d
f o r  an e x c i t e d  s t a t e  f r e e  n u c l e u s  m oving  w i t h  random
t h e r m a l  v e l o c i t y ,  V,p, i n  one  d i m e n s i o n .  R e c o i l  a r i s e s
f rom  t h e  t r a n s i t i o n  f ro m  t h e  e x c i t e d  s t a t e  E t o  t h ee
g ro u n d  s t a t e  E^;
B e f o r e  e m i s s i o n
. MV2,
t o t a l  e n e r g y  = E + —5-e ^
EY
>f
E
E
A f t e r  e m i s s i o n
t o t a l  e n e r g y
_ . M(VT + V r ) 2 + E
vT ♦ vR -  Es  j--------- >
Y
w h e re  i s  t h e  i m p a r t e d  
r e c o i l  v e l o c i t y .
S i n c e  e n e r g y  must be  c o n s e r v e d :
I f  Eq i s  t h e  a c t u a l  t r a n s i t i o n  e n e r g y ,  t h e n
Eo = Ee “ Eg.  T h u s :
MCVt •+ VR) 2 . ,MY2 t
2 2
, .MV2 R + MVt Vr ( 4 )
2
I t  c a n  b e  a p p r e c i a t e d  f rom  e q u a t i o n  ( 4 )  t h a t  t h e  
d i f f e r e n c e  b e tw e e n  t h e  y - p h o t o n  e n e r g y  and  t h e  n u c l e a r  
t r a n s i t i o n  e n e r g y  d e p e n d s  upon a  r e c o i l  e n e r g y  t e r m
t h e r m a l  v e l o c i t y ,  and a  D o p p l e r  e f f e c t  t e r m  (E^ = MVrpVR) 
w h ic h  d e p e n d s  upon b o t h  t h e  m a g n i t u d e  and  s i g n  o f  V,p.
U s in g  n o n - r e l a t i v i s t i c  m e c h a n i c s  ( p e r m i s s i b l e  s i n c e  V,p 
and VR << c ) ,  i t  can  be  shown t h a t  t h e  D o p p l e r  t e r m  E^ 
i s  r e l a t e d  t o  a b s o l u t e  t e m p e r a t u r e ,  T ,  by  t h e  
e x p r e s s i o n :
E q u a t i o n  ( 5 )  i n d i c a t e s  t h a t  t h e  e x t e n t  o f  D o p p l e r  
b r o a d e n i n g  w i l l  i n c r e a s e  a s  t h e  r e c o i l  and  a v e r a g e  
t h e r m a l  e n e r g y  o f  t h e  n u c l e u s  i n c r e a s e s .  T h i s ,  i n  t u r n ,  
i n c r e a s e s  t h e  e n e r g y  s e p a r a t i o n  b e tw e e n  t h e  a c t u a l  
n u c l e a r  t r a n s i t i o n  e n e r g y ,  Eq , an d  t h e  y - p h o t o n  e n e r g y ,  
E^,  a s  d e s c r i b e d  by  e q u a t i o n  ( 4 ) .
The i n t e r - r e l a t i o n s h i p  b e tw e e n  En , ED and  E~ on t h eu  t t  JJ
e m i s s i o n  and a b s o r p t i o n  l i n e  p r o f i l e s  i s  i n d i c a t e d  i n
(Er  = ^  MV2r ) ,  w h ic h  i s  i t s e l f  i n d e p e n d e n t  o f  t h e  random
Ed = / 2 E^kT ( 5 )
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F ig u r e  2 . 2 .
E m i s s i o n  A b s o r p t i o n" TH rJUo
1(E)
0
F i g u r e  2 .2  ; M o ssb au e r  e m i s s i o n  and  a b s o r p t i o n  p r o f i l e s  
sh o w in g  r e s o n a n c e  due t o  D o p p l e r  b r o a d e n i n g
I t  i s  c l e a r  f rom  t h e  above  t r e a t m e n t  t h a t  t h e  r e l a t i o n ­
s h i p  b e tw e e n  t h e  n a t u r a l  l i n e  w i d t h ,  r ,  t h e  r e c o i l  e n e r g y  
and  D o p p l e r  b r o a d e n i n g  w i l l  d i c t a t e  w h e t h e r  o r  n o t  n u c l e a r  
f l u o r e s c e n c e  w i l l  be  o b s e r v e d .  The l i n e  w i d t h ,  T, i s  
g i v e n  by t h e  H e i s e n b e r g  r e l a t i o n s h i p :
w h e re  h = P l a n c k ' s  c o n s t a n t  ( 6  .626  x 10 3 ** J s )  and  t  i s  
t h e  mean l i f e t i m e  o f  t h e  e x c i t e d  s t a t e  i n  s e c o n d s .
In  g e n e r a l  f o r  y - e m i s s i o n ,  E^ >> r and E~ ^  ED so  a tU D K
l e a s t  two p o s s i b l e  m e thods  o f  o b s e r v i n g  n u c l e a r  f l u o r e s ­
c e n c e  a r e  e v i d e n t .  The e n e r g y  s e p a r a t i o n ,  2ED, may b e  
d i r e c t l y  s u p p l i e d  by ( i )  u t i l i s i n g  t h e  D o p p l e r  e f f e c t  [ 2 ] ,  
o r  ( i i )  i n c r e a s i n g  t h e r m a l  b r o a d e n i n g  by h e a t i n g  t h e  
s o u r c e  and  a b s o r b e r ,  so  t h a t  E^ i n c r e a s e s  and  some o v e r l a p
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o f  th e  l i n e s  o c c u r s ,  F ig u r e  2 . 2 .
B o th  m e t h o d s ,  h o w e v e r ,  r e s u l t  i n  o n l y  a  s m a l l  d e g r e e  
o f  o v e r l a p  and  h e n c e  a s m a l l  r e s o n a n c e  e f f e c t ,  a n d  t h e y  
a l s o  p ro d u c e ,  v e r y  b r o a d  l i n e s  l e a d i n g  t o  p o o r  r e s o l u t i o n .
In  1957 ,  M ossbaue r  o b s e r v e d  t h e  u n e x p e c t e d  i n c r e a s e  i n  
y - a b s o r p t i o n  by i r i d i u m - 1 9 1  w i t h  d e c r e a s i n g  t e m p e r a t u r e .
An e x p l a n a t i o n  o f  t h i s  e f f e c t  r e q u i r e s  c o n s i d e r a t i o n  
o f  t h e  q u a n t i s e d  n a t u r e  o f  t h e  l a t t i c e .  The s o - c a l l e d  
E i n s t e i n  model  o f  t h e  s o l i d  c o n s i d e r s  t h e  l a t t i c e  t o  be 
a  q u a n t u m - m e c h a n i c a l  s y s t e m  i n  w h ic h  t r a n s i t i o n s  o c c u r  
t h r o u g h  phorion i n t e r a c t i o n s .  The l o w e s t  e n e r g y  r e q u i r e d  
t o  s t i m u l a t e  a phonon i n t e r a c t i o n  i s  g i v e n  by E„ ,  t h e  
E i n s t e i n  e n e r g y .  I f  Er  >> E^ i n t e r a c t i o n s  i n v o l v i n g  many 
ph o n o n s  o c c u r  and  t h e  e m i t t e d  p h o t o n  s u f f e r s  r e c o i l  
e n e r g y  l o s s  and  D o p p le r  b r o a d e n i n g .  However ,  when 
Er << Eg, t h a t  p a r t i c u l a r  d e c a y  c o r r e s p o n d s  t o  a  z e r o -  
phonon  i n t e r a c t i o n  and  t h e  y - p h o t o n  i s  e m i t t e d  w i t h o u t  
r e c o i l ,  and  i s  n o t  D o p p le r  b r o a d e n e d .  Under  t h e s e  
c o n d i t i o n s ,  t h e  e m i t t i n g  n u c l e u s  h a s  e f f e c t i v e l y  b e e n  
' f r o z e n '  i n t o  t h e  l a t t i c e  and t h e  r e c o i l  momentum i s  
t a k e n  up by t h e  i n f i n i t e  r e c o i l  mass  o f  t h e  w ho le  
c r y s t a l .
The b a s i s  o f  M o s s b a u e r ' s  o b s e r v a t i o n  i n v o l v e d  t h e  
e l i m i n a t i o n  o f  n u c l e a r  r e c o i l  by l o w e r i n g  t h e  e x p e r i m e n t a l  
t e m p e r a t u r e  s u c h  t h a t  t h e  c o n d i t i o n  E_, << E„ was s a t i s f i e d .it JtL
The n e e d  t o  e l i m i n a t e  r e c o i l  means  t h a t  M o ssb au e r  
s p e c t r o s c o p y  i s  r e s t r i c t e d  t o  m e a s u re m e n t s  on s o l i d s .
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T h e r e f o r e ,  s t u d i e s  on o r g a n o t i n s  (many o f  w h ic h  a r e  
l i q u i d s  a t  room t e m p e r a t u r e )  and  am orphous  m a t e r i a l s  
s u c h  a s  e l a s t o m e r s ,  can o n l y  b e  p e r f o r m e d  a t  low 
t e m p e r a t u r e s  -  u s u a l l y  l i q u i d  n i t r o g e n  t e m p e r a t u r e  (7 7 K ) .
2.2 THE HYPERFINE INTERACTIONS
The h y p e r f i n e  i n t e r a c t i o n s  a r e  t h e  s m a l l  i n t e r a c t i o n s  
t h a t  o c c u r  b e tw e e n  a n u c l e u s  a n d  i t s  e l e c t r o n i c  
e n v i r o n m e n t .  They a r i s e  b e c a u s e  a n u c l e u s  i s  n o t  a  
s t r u c t u r e l e s s  p o i n t  c h a r g e ,  b u t  a  c l u s t e r  o f  moving 
c h a r g e s ,  d i s t r i b u t e d  o v e r  a  f i n i t e  v o lu m e .
The h y p e r f i n e  i n t e r a c t i o n s  g i v e  r i s e  t o  t h r e e  e f f e c t s :
1. The I so m e r  S h i f t  ( 6 )
2 .  The Q u a d r u p o le  S p l i t t i n g  (AEn )
3.  The M a g n e t i c  (Zeeman) S p l i t t i n g .
2.2 .1  The Isomer Shift
The t e r m  I so m e r  S h i f t  r e f e r s  t o  t h e  e x t e n t  by w h ic h  t h e  
maximum o f  a b s o r p t i o n  i s  s h i f t e d  f ro m  a  s u i t a b l e  
c a l i b r a t i o n  p o i n t  and a r i s e s  f ro m  an  e l e c t r o s t a t i c  
i n t e r a c t i o n  b e tw e e n  t h e  n u c l e a r  c h a r g e  and  t h e  e l e c t r o n  
d e n s i t y  w h ic h  p e n e t r a t e s  i t ,  i e  s - e l e c t r o n  d e n s i t y .
I t  i s  g e n e r a l l y  assum ed t h a t  t h e  e l e c t r o n  c o n t r i b u t i o n  
f ro m  t h e  i n n e r  s h e l l s  o f  t h e  M o ssb a u e r  i s o t o p e  i s  c o n s t a n t  
and  t h a t  c h a n g e s  i n  i s o m e r  s h i f t  r e f l e c t  c h a n g e s  i n  t h e  
p o p u l a t i o n  o f  t h e  v a l e n c e - s h e l l  s - o r b i t a l .  Changes  i n  
t h e  p o p u l a t i o n  o f  t h e  v a l a n c e  p and  d - o r b i t a l s  w i l l  
a l s o  a f f e c t  t h e  e l e c t r o n  d e n s i t y  a t  t h e  n u c l e u s  by  
s h i e l d i n g  e f f e c t s .
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The e l e c t r o s t a t i c  s h i f t ,  SE, o f  a  n u c l e a r  e n e r g y  l e v e l  
w i t h  r e s p e c t  t o  a h y p o t h e t i c a l  p o i n t  n u c l e u s ,  i s  g i v e n  
b y :
6E = T p  Ze2 R2 | tjKo) I 2 • ( 6 )
Z i s  t h e  a t o m i c  n um ber ,  e i s  t h e  e l e c t r o n i c  c h a r g e ,
| ^ ( o ) | 2 r e p r e s e n t s  t h e  e l e c t r o n  d e n s i t y  w i t h i n  t h e  n u c l e a r  
volume and  R i s  t h e  n u c l e a r  r a d i u s ,  a s s u m in g  i t  t o  be  a 
u n i f o r m  s p h e r e .  I n  g e n e r a l ,  t h e  n u c l e a r  r a d i u s  i n  t h e  
g ro u n d  and e x c i t e d  s t a t e s  w i l l  d i f f e r .  T h e r e f o r e ,  t h e  
e l e c t r o s t a t i c  i n t e r a c t i o n  e n e r g i e s  w i l l  a l s o  d i f f e r  
a c c o r d i n g  t o  t h e  v a l u e  o f  R i n  e q u a t i o n  ( 6 ) .
The e f f e c t  o f  t h e  i s o m e r  s h i f t  on a  h y p o t h e t i c a l  
i s o l a t e d  n u c l e u s  i s  i l l u s t r a t e d  i n  F i g u r e  2 . 3 .
F i g u r e  2 .3  : The e f f e c t  o f  t h e  i s o m e r  s h i f t  on t h e  g r o u n d  
and  f i r s t  e x c i t e d  s t a t e s  o f  a  h y p o t h e t i c a l  
p o i n t  n u c l e u s
O b s e r v a t i o n  i s  n o r m a l l y  made o f  t r a n s i t i o n s  b e tw e e n  
e x c i t e d  ( e x )  and  g ro u n d  (g )  s t a t e s .  The c h a n g e  i n  
e n e r g y  o f  t h e  y - t r a n s i t i o n  i s ,  t h e r e f o r e ,  due  t o  t h e  
d i f f e r e n c e  o f  two t e r m s  g i v e n  by e q u a t i o n  ( 6 ) i n v o l v i n g  
t h e  e x c i t e d  (R0X) and g r o u n d  s t a t e  (R ) n u c l e a r  r a d i i :
SE -  SE = - ^  Ze2 liJKo) | 2 (R2 -  R2 ) ( 7 )ex g o  i r i e x  g
I t  i s  p o s s i b l e  t o  com pare  m a g n i t u d e s  o f  t h e  e l e c t r o s t a t i c  
i n t e r a c t i o n  e n e r g y  by means o f  a s u i t a b l e  r e f e r e n c e  
m a t e r i a l .  In  g e n e r a l ,  i s o m e r  s h i f t s  a r e  m e a s u re d  r e l a t i v e  
t o  a  ‘ s t a n d a r d *  s o u r c e  n u c l e u s ;  i n  t h e  c a s e  o f  t i n - 1 1 9  
e x p e r i m e n t s ,  s t a n n i c  o x i d e  ( S n 0 2 ) and  b a r i u m  s t a n n a t e  
(BaSn03 ) a r e  w i d e l y  u s e d  a s  s o u r c e  m a t r i c e s .  The i s o m e r  
s h i f t s  f o r  t h e s e  m a t e r i a l s  a r e  i d e n t i c a l  w i t h i n  
e x p e r i m e n t a l  e r r o r  an d  a l l  d a t a  g i v e n  i n  t h e  f o l l o w i n g  
s e c t i o n s  a r e  r e f e r r e d  t o  a  BaSn03 s t a n d a r d  a b s o r b e r .
The e f f e c t  o f  t h e  i s o m e r  s h i f t  on a s o u r c e  and  a b s o r b e r  
e x i s t i n g  i n  d i f f e r e n t  c h e m i c a l  e n v i r o n m e n t s  i s  shown i n  
F i  g u re  2 . 4 .
i = i2
A b s o r b e r , a
F i g u r e  2 . 4  : The e f f e c t  o f  t h e  i s o m e r  s h i f t  on s o u r c e  and  
a b s o r b e r  n u c l e a r  e n e r g y  l e v e l s
-  33 -
S i n c e  t h e  s o u r c e  and a b s o r b e r  e x i s t  i n  d i f f e r e n t  
c h e m i c a l  e n v i r o n m e n t s ,  | ^ ( o ) | 2 w i l l  d i f f e r  i n  e a c h  c a s e .  
However ,  t h e y  b o t h  c o n t a i n  t h e  same i s o t o p e  a n d ,  
t h e r e f o r e ,  p o s s e s s  t h e  same e x c i t e d  and  g r o u n d  s t a t e  
n u c l e a r  r a d i i .  The s o u r c e  t r a n s i t i o n  e n e r g y ,  Eg , and  
a b s o r b e r  t r a n s i t i o n  e n e r g y ,  Ea , may now b e  c o m bined  t o  
y i e l d  an  e x p r e s i o n  f o r  t h e  i s o m e r  s h i f t ,  6 s.
6 = Ze2 ( 11(1( 0 ) | ? -  |>Jj(o) |2 ) ( R 2 -  R2 ) ( 8 )o ct o ex  g
The c h a n g e  i n  n u c l e a r  r a d i u s  i s  v e r y  s m a l l  ( t y p i c a l l y  
a b o u t  0 .1%) so  t h a t  i t s  s q u a r e  c a n  b e  n e g l e c t e d .  The 
i s o m e r  s h i f t  may t h e n  be e x p r e s s e d  i n  t e r m s  o f  t h e  n o r m a l i z e d  
r a d i u s  d i f f e r e n c e ,  6R/R, t h u s :
In  t i n  s y s t e m s ,  6R i s  p o s i t i v e  w h ic h  means  t h a t  i n c r e a s e s  
i n  s - e l e c t r o n  d e n s i t y  a t  t h e  a b s o r b e r  n u c l e u s  r e s u l t  i n  
p o s i t i v e  i s o m e r  s h i f t s .  The o p p o s i t e  i s  t r u e  i n  i r o n  
s y s t e m s  f o r  w h ich  SR < 0.
ISOMER SHIFT, 6 = E -  E * a  s
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2.2 ,2  Quadripole S p l i t t in g
The e x p r e s s i o n  f o r  t h e  i s o m e r  s h i f t  e q u a t i o n  ( 8 ) a s su m e s  
t h a t  t h e  n u c l e u s  i s  s p h e r i c a l  an d  h a s  u n i f o r m  c h a r g e  
d e n s i t y .  T h e se  c o n d i t i o n s ,  h o w e v e r ,  o n l y  a p p l y  t o  
n u c l e i  i n  s p i n  s t a t e s  I  = 0  o r  I  = When I > ~ ,  a 
d e v i a t i o n  f ro m  s p h e r i c a l  symm etry  o c c u r s ,  t h e  m a g n i t u d e  
o f  w h ic h  i s  r e f l e c t e d  by t h e  N u c l e a r  Q u a d r u p o l e  Moment,  
Q. I f  t h e  d i s t r i b u t i o n  o f  c h a r g e  a b o u t  t h e  n u c l e u s  h a s  
l e s s  t h a n  c u b i c  sym m etry ,  an e l e c t r i c  f i e l d  g r a d i e n t  
( e f g )  w i l l  be  g e n e r a t e d  w h ic h  i s  c a p a b l e  o f  i n t e r a c t i n g  
w i t h  t h e  n u c l e a r  q u a d r u p o l e  moment.  The p r e s e n c e  o f  a 
q u a d r u p o l e  i n t e r a c t i o n  s p l i t s  t h e  ( 2 1  + 1 ) -  f o l d  
d e g e n e r a t e  e n e r g y  l e v e l s  i n t o  a  s e t  o f  s u b l e v e l s  whose 
e n e r g i e s  a r e  c h a r a c t e r i z e d  by t h e  m a g n e t i c  s p i n  q u a n tu m
number m^.:
E = , e 2qQQ 4 1 ( 2 1 - 1 ) Smj2 -  1 ( 1 + 1 ) 1 + b2 ( 9 )
w h ere  Q = n u c l e a r  q u a d r u p o l e  moment 
eq  = maximum v a l u e  o f  t h e  e f g  
ri = an asym m etry  p a r a m e t e r  
mj = m a g n e t i c  s p i n  quan tum  number 
e = e l e c t r o n i c  c h a r g e
3 1F or  e x a m p l e ,  f o r  t i n - 1 1 9 ,  I = ■=■ a n d  I = - ^ 9 F i g u r e  2 .5 .e x  a g ^
3 3 1The 1 = 2- l e v e l  s p l i t s  i n t o  two (m^ = ±  ±  ^0 s u b -
l e v e l s  w h i l s t  t h e  I = -i r e m a i n s  d e g e n e r a t e .  T r a n s i t i o n s
f rom  t h e  g r o u n d  s t a t e  t o  b o t h  e x c i t e d  l e v e l s  a r e  a l l o w e d
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a c c o r d i n g  t o  t h e  s e l e c t i o n  r u l e  Am^ . = 0 , ± 1 , a n d  a  
c h a r a c t e r i s t i c  two l i n e  s p e c t r u m  i s  o b t a i n e d .
/ i s o m e r S h i f t iu a d r u p o le  I n t e r a c t i o n
F i g u r e  2 .5  : A b s o rb e r  e n e r g y  l e v e l s :  e x c i t e d  I = s p l i t  
i n t o  two s u b - l e v e l s  by  t h e  q u a d r u p o l e  
i n t e r a c t i o n
The p e a k  s e p a r a t i o n ,  AEn , d e f i n e s  t h e  q u a d r u p o l e  s p l i t t i n g
3p a r a m e t e r .  For  t h e  I = c a s e  ( e g  S n -1 1 9 )  t h e  q u a d r u p o l e
3 1s p l i t t i n g ,  AEq = Eq (±  ^ ) -  Eq (± -^) ,  can  b e  e x p r e s s e d  a s :
AF _ e 2qQ 
Q 1 + ( 1 0 )
The o r i g i n  o f  t h e  asym m etry  p a r a m e t e r ,  n ,  c a n  b e  t r a c e d  
t o  t h e  o r i g i n a l  e f g  t e n s o r  d e r i v e d  by a p p l y i n g  t h e  
g r a d i e n t  o p e r a t o r  t o  t h e  t h r e e  c o m p o n e n ts  o f  t h e  e l e c t r i c  
f i e l d .  The e l e c t r i c  f i e l d  g r a d i e n t  a t  t h e  n u c l e u s  i s  
d e f i n e d  a s  t h e  s e c o n d  d e r i v a t i v e  o f  t h e  e l e c t r i c  p o t e n t i a l  
The r e s u l t  i s  a 3 x 3 t e n s o r  w h ic h  can  be  r e d u c e d  t o
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t h r e e  c o m p o n e n t s :
32Vand a—o- w r i t t e n  a s3 z 2
V V. and  Vxx yy zz
I t  i s  c u s to m a r y  t o  d e f i n e  t h e  c o - o r d i n a t e  s y s t e m  o f  t h e
r e s o n a n t  n u c l e u s  so  t h a t  V = e q  i s  t h e  maximum v a l u ezz
o f  t h e  f i e l d  g r a d i e n t .  The co m p o n e n ts  o f  t h e  e f g  a r e
r e l a t e d  by  t h e  L a p l a c e  e q u a t i o n  i n  a  r e g i o n  w here  t h e
c h a r g e  d e n s i t y  v a n i s h e s .  T h u s ;
V + V + v  = 0 ( I DX X  y y  ZZ
C o n s e q u e n t l y ,  o n l y  two i n d e p e n d e n t  p a r a m e t e r s  a r e
n e e d e d  t o  s p e c i f y  t h e  e f g  c o m p l e t e l y ,  and  t h e  two w h ic h
a r e  n o r m a l l y  c h o s e n  a r e  V ( t h e  z - c o m p o n e n t  o f  t h e  e f g )z z
and  an asym m etry  p a r a m e t e r ,  n ,  d e f i n e d  a s
U s in g  t h e  c o n v e n t i o n  t h a t  !v I > IV I > I V I e n s u r e s1 z z 1 1 x x 1 1 y y 1
t h a t  0 < T) < 1 .
I t  i s  p o s s i b l e  t o  e v a l u a t e  n and  t h e  q u a d r u p o l e  c o u p l i n g  
c o n s t a n t ,  e 2qQ, f rom  a  M o ssb a u e r  s p e c t r u m .  H ow ever ,  I t  
i s  much more d i f f i c u l t  t o  r a t i o n a l i s e  t h e  p a r a m e t e r s  i n  
t e r m s  o f  t h e  e l e c t r o n i c  s t r u c t u r e  w h ic h  g e n e r a t e d  th e m .
C o n t r i b u t i o n s  t o  t h e  e f g  may be c o n s i d e r e d  t o  a r i s e  f ro m  
( a )  t h e  v a l e n c e  e l e c t r o n s  o f  t h e  M o ssb a u e r  a tom  an d  o f  
t h e  b o n d s  b e tw e e n  i t  and  t h e  l i g a n d s ,  Qy a l  > (t>) c h a r g e s
ZZ ( 1 2 )
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on t h e  a toms d i r e c t l y  b o n d e d  t o  t h e  M o ssb a u e r  a tom ,  
and  ( c )  c h a r g e s  on n e i g h b o u r i n g  m o l e c u l e s  a n d  i o n s  i n  
t h e  l a t t i c e .  B o th  ( b )  a n d  ( c )  c o n s t i t u t e  q_ , b u t  a s  
t h e  e f g  d e c r e a s e s  w i t h  t h e  t h i r d  power  o f  d i s t a n c e ,  
c o n t r i b u t i o n  ( c )  i s  o f t e n  n e g l e c t e d .
2.2 .3  Magnetic Hyperfine in terac tion
So f a r ,  i t  h a s  b e e n  assum ed  t h a t  t h e  n u c l e u s  i s  n o t  
e x p o s e d  t o  a m a g n e t i c  f i e l d ,  e i t h e r  i n t e r n a l  o r  a p p l i e d  
and  t h i s  i s  g e n e r a l l y  t h e  c a s e  f o r  o r g a n o t i n s  i n  n o n ­
m a g n e t i c  m a t r i c e s .  T h e re  a r e ,  h o w e v e r ,  many s y s t e m s  
w h ich  have  a m a g n e t i c  h y p e r f i n e  f i e l d  c a p a b l e  o f  i n t e r ­
a c t i n g  w i t h  t h e  n u c l e a r  d i p o l e  moment,  pN. T h i s  
i n t e r a c t i o n  c o m p l e t e l y  r e m o v e s  t h e  d e g e n e r a c y  o f  t h e  
n u c l e a r  s t a t e  w i t h  s p i n  I  i n t o  i t s  2 1 + 1  com ponent  
Zeeman s t a t e s .
A c c o r d i n g  t o  t h e  s e l e c t i o n  r u l e ,  Am  ^ = 0 ,  ± 1,  s i x
t r a n s i t i o n s  a r e  a l l o w e d  w h ic h  f o r  a random  powder  o r
u n m a g n e t i z e d  f o i l  w here  V = 0 ,  p r o d u c e s  a  s i x - l i n ezz
s p e c t r u m  w i t h  i n t e n s i t y  r a t i o s  g i v e n  by 3 : 2 : 1 : 1 : 2 : 3 .
The m a g n e t i c a l l y  s p l i t  s p e c t r u m  o f  i r o n - 5 7  i s  u s e d
f o r  s p e c t r o m e t e r  c a l i b r a t i o n  a s  d i s c u s s e d  i n  S e c t i o n  2 . 7 .
A summary o f  e a c h  h y p e r f i n e  i n t e r a c t i o n  and t h e  fo rm  o f  
t h e  r e s u l t i n g  M ossbauer  s p e c t r a  a r e  shown d i a g r a m m a t i c a l l y  
i n  F i g u r e  2 . 6 .
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F i g u r e  2 .6  : S c h e m a t i c  d i a g r a m  o f  t h e  n u c l e a r  e n e r g y  
l e v e l  s h i f t  and  s p l i t t i n g  a s  a  f u n c t i o n  
o f  c h e m i c a l  e n v i r o n m e n t ,  e l e c t r i c  f i e l d  
g r a d i e n t ,  and  i n t e r n a l  m a g n e t i c  h y p e r f i n e  
f i e l d
I t  i s  c l e a r  f rom  t h e  f o r e g o n e  d i s c u s s i o n  t h a t  t h e  
e n e r g y  s h i f t s  r e s u l t i n g  f ro m  t h e  h y p e r f i n e  i n t e r a c t i o n s ,  
w i l l  o n l y  be  o b s e r v e d  i f  t h e  s o u r c e  e n e r g y  can  be  
m o d i f i e d  i n  a p r e c i s e  m anner  t h a t  w i l l  f a c i l i t a t e  
s c a n n i n g  o f  t h e  a b s o r p t i o n  s p e c t r u m  o v e r  t h e  r e q u i r e d  
e n e r g y  d i s t r i b u t i o n .  The r e s o n a n c e  c o n d i t i o n ,
Ey = Ea b s o r b e r *  can  r e s t ° r e d ,  anc* t h e  s p e c t r u m  
s c a n n e d ,  by a p p l y i n g  a  v a r i a b l e  v e l o c i t y ,  V^, t o  t h e  
s o u r c e .  The e n e r g y ,  E , t h e n  p e r c e i v e d  by t h e  
a b s o r b e r ,  d e p e n d s  upon t h e  e n e r g y  o f  t h e  y - p h o t o n s  
e m i t t e d  by t h e  s o u r c e ,  E , and  t h e  m a g n i t u d e  o fS  D
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a c c o r d i n g  t o  e q u a t i o n  ( 1 3 ) .
E = E (1  +. Vn / c )  ( 1 3 )y s  D
w here  c i s  t h e  v e l o c i t y  o f  l i g h t .
The e n e r g y  c h a n g e s  i n v o l v e d  i n  t h e  h y p e r f i n e  i n t e r ­
a c t i o n s  a r e  s u c h  t h a t  D o p p l e r  v e l o c i t i e s  o f  o n l y  a  few 
m i l l i m e t r e s  p e r  s e c o n d  a r e  r e q u i r e d  t o  r e s t o r e  t h e  
r e s o n a n c e  c o n d i t i o n .  A M o ssb a u e r  s p e c t r u m ,  t h e r e f o r e , 
c o n s i s t s  o f  a  p l o t  o f  a c c u m u l a t e d  y - r a y  c o u n t s  v e r s u s  
D o p p le r  v e l o c i t y  i n  mm s'” 1 . F o r  t h e  2 3 .8  keV t r a n s i t i o n  
i n  t i n - 1 1 9 ,  a  s o u r c e  v e l o c i t y  o f  1 .0 0  mm s ” 1 c o r r e s p o n d s  
t o  an e n e r g y  s h i f t  o f  7 .9 4  x 10“ 8 eV and  t h i s  r e p r e s e n t s  
an  e n e r g y  r e s o l u t i o n ,  AE/ES , o f  3 x 10” 1 2 . The p r a c t i c a l  
d e t a i l s  o f  t h e  M ossbauer  e x p e r i m e n t  and  D o p p l e r  
m o d u l a t i o n  w i l l  be  d i s c u s s e d  i n  S e c t i o n  2 . 5 .
2.3 APPLICATIONS TO 0RGAN0TIN CHEMISTRY
The u n i q u e  p r o p e r t i e s  o f  t i n - 1 1 9  w h ich  make i t  s u c h  a 
u s e f u l  i s o t o p e  f o r  t h e  s p e c t r o s c o p i c  e l u c i d a t i o n  o f
s t r u c t u r e ,  a r e  t h e  c o m b i n a t i o n  o f  a n u c l e a r  g r o u n d  s t a t e  
o f  s p i n  I = i  w h ich  makes  i t  a m en ab le  t o  NMR s t u d i e s ,  
p l u s  an a c c e s s i b l e  i s o m e r i c  s t a t e  o f  s u i t a b l e  s p i n
3( 1  = 2- ) ,  l i f e t i m e  and e n e r g y  whose y - d e c a y  makes  i t
an i d e a l  M ossbauer  n u c l i d e  ( S e c t i o n  2 . 5 ) .
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2.3 .1  Isomer Shif ts
As m e n t i o n e d  in  S e c t i o n  2 . 2 . 1 ,  i s o m e r  s h i f t  (<$). v a l u e s  
a r e  l a r g e l y  d e t e r m i n e d  by  t h e  s - e l e c t r o n  d e n s i t y  a t  
t h e  n u c l e u s .  For  a l l  t i n  com pounds ,  p o s i t i v e  i s o m e r  
s h i f t s  c o r r e s p o n d  t o  i n c r e a s e d  s - e l e c t r o n  d e n s i t y  a t  
t h e  t i n  n u c l e u s  w i t h  r e s p e c t  t o  t h e  s o u r c e .  The 
a s s u m p t i o n  t h a t  t h e  i n n e r  s h e l l  e l e c t r o n  c o n t r i b u t i o n  
t o  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  i s  e s s e n t i a l l y  
c o n s t a n t ,  i m p l i e s  t h a t  c h a n g e s  i n  i s o m e r  s h i f t  r e f l e c t  
c h a n g e s  i n  t h e  s - e l e c t r o n  d e n s i t y  o f  t h e  v a l e n c e  s h e l l ,
i . e .  i n  t h e  5s  s u b - l e v e l  f o r  t i n .  C o n s e q u e n t l y ,  6 
s h o u l d  v a r y  w i t h  t h e  p o l a r i t y  o f  t h e  t i n - l i g a n d  b o n d s  
and  a l s o  t h e  number o f  s t e r e o c h e m i c a l  a r r a n g e m e n t s  o f  
b o n d s .
( i )  The N a t u r e  Of t h e  T i n - L i g a n d  Bond
The t i n - l i g a n d  bond  i s  e x p e c t e d  t o  become i n c r e a s i n g l y  
p o l a r i s e d  i n  t h e  s e n s e  S n ( 6 +) -  X ( 6 - ) ,  a s  t h e  e l e c t r o ­
n e g a t i v i t y  o f  l i g a n d  X i n c r e a s e s .  The w i t h d r a w a l  o f  
s - e l e c t r o n  d e n s i t y  f ro m  t h e  t i n  5 s - o r b i t a l  w ou ld  t h e n  
be  e x p e c t e d  t o  r e s u l t  i n  a  d e c r e a s e  i n  t h e  i s o m e r  
s h i f t .  T h i s  t r e n d  i s  o b s e r v e d  and  i s  i l l u s t r a t e d  i n  
T a b l e  2 . 1  f o r  t i n ( I V )  t e t r a h a l i d e s  and  a  s e r i e s  o f  
a n i o n i c  m o n o b u t y l p e n t a h a l o g e n o  s t a n n a t e  s a l t s ,
M2 ( BuSnX Y ) 2 ~.2 5 - n  n
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for .various tin(IV) systems
Compound............................................. .................<S (mm s  1)
SnClt* 0 . 8 2 a
SnBri* 1 . 1 3 a
Snlit 1 . 5 5 a
( E U N ) 2 (BuSnCl5 ) 1 . 0 3 b
( E t 4N) 2 (BuSnCli*Br) 1 . 08b
( E U N ) 2 (BuSnCl3B r 2 ) 1 . 15b
(E t i tN ) 2 (BuSnCl2B r 3 ) 1 . 20b
( Et  4 N) 2 ( BuSnBr 5) ...................... 1 . 38b
a D a t a  t a k e n  f rom  r e f e r e n c e  [3 ]  w ere  m e a s u re d  r e l a t i v e  
t o  BaSn03 a t  80K w i t h  an a s s o c i a t e d  e x p e r i m e n t a l  
e r r o r  o f  0 . 0 1  mm s ” 1 .
b D a t a  t a k e n  f rom  r e f e r e n c e  [4 ]  w ere  m e a s u re d  r e l a t i v e  
t o  BaSnOg a t  80K w i t h  an  a s s o c i a t e d  e x p e r i m e n t a l  
e r r o r  o f  0 .0 5  mm s - 1 .
S i m i l a r  t r e n d s  have  b e e n  o b s e r v e d  i n  t e t r a o r g a n o t i n  (RitSn) 
and  t r i o r g a n o t i n  (R3 SnX) s y s t e m s .  In  g e n e r a l ,  f o r  a  
c o n s t a n t  X g ro u p  i n  a s e r i e s  o f  R3 SnX com pounds ,  6 
i n c r e a s e s  a s  t h e  e l e c t r o n  d o n a t i n g  power o f  t h e  o r g a n i c  
g ro u p  i n c r e a s e s ,  T a b le  2 . 2 .
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R
S(RttSn)
. . (mm s “ 1)
6 (R3 SnOH) 
(mm s'“ l )
ch3 - 1 . 2 0 1 . 2 0
c 2 h 5_ 1 .30 1 .3 0
C3 H7- 1 .30 1 .3 4
Ci*H9_ 1 .35 1 .3 7
c 6h 5_ 1 .15 1 .1 6
T a b l e  2 .2  : V a r i a t i o n  o f  5 w i t h  R in  R^Sn arid R^SnOH 
d e r i v a t i v e s  [ 5 , 6 ]
I so m e r  s h i f t s  a r e  m e a s u re d  r e l a t i v e  t o  BaSn03 w i t h  an 
a b s o r b e r  t e m p e r a t u r e  o f  80K.
I t  w i l l  be  n o t e d  f rom T a b l e  2 . 2  t h a t  t h e  p h e n y l  (C 6H5_) 
d e r i v a t i v e s  g i v e  a p p r e c i a b l y  l o w e r  i s o m e r  s h i f t s  t h a n  
any  o f  t h e  a l k y I t i n s .  T h i s  r e f l e c t s  t h e  s t r o n g l y  e l e c t r o n  
w i t h d r a w i n g  n a t u r e  o f  t h e  p h e n y l  g r o u p .
( i i )  C o - o r d i n a t i o n  Number
O r g a n o t i n s  assume a wide  v a r i e t y  o f  s t r u c t u r a l  t y p e s  
w h ic h  encom pass  f o u r  t o  e i g h t  c o o r d i n a t i o n  i n  n e u t r a l  
and c h a r g e d  s p e c i e s .  Many compounds a s s o c i a t e  t h r o u g h  
i n t e r -  and  i n t r a - m o l e c u l a r  b o n d i n g  t o  g i v e  b r i d g e d  d i m e r s  
and  o t h e r  o l i g o m e r s  w i t h  o n e ,  two and t h r e e  d i m e n s i o n a l  
c r y s t a l  l a t t i c e s .
I n c r e a s i n g  t h e  c o o r d i n a t i o n  number f ro m  f o u r  l e a d s  t o  
i n c r e a s e d  p o p u l a t i o n  o f  t h e  t i n  5 d - o r b i t a l s  w h ic h  m u s t ,
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i n  t u r n ,  i n c r e a s e  s h i e l d i n g  o f  t h e  5 s - e l e c t r o n s  f rom  
t h e  n u c l e u s .  T h e r e f o r e ,  i t  i s  t o  be  e x p e c t e d  t h a t  
an  i n c r e a s e  i n  t h e  c o o r d i n a t i o n  o f  t h e  t i n  a tom  w i l l  
l e a d  t o  a  d e c r e a s e  i n  i s o m e r  s h i f t . T h i s  t r e n d  i s  
i l l u s t r a t e d  i n  a s e r i e s  o f  h a l o g e n o t i n ( I V )  s p e c i e s  
w here  t h e  i so m e r  s h i f t s  f o r  SnX2 “ a r e  0 . 2  t o  0 . 3  mm s ” 1 
l e s s  t h a n  f o r  t h e  c o r r e s p o n d i n g  SnXt* com pounds ,
( T a b l e  2 . 3 ) .
X
y '
SnXu a SnX2 -  b 6
Cl 0 .8 2 0 . 5 0
Br 1. 13 0 . 8 4
I 1 .5 5 1 .2 3
T a b le  2 . 3  : I so m e r  S h i f t  D a t a  f o r  4 -  and  6 - C o o r d i n a t e  
H a l o g e n o t i n ( I V )  s p e c i e s ,  mm S" 1 
a  D a t a  f ro m  T a b le  2 .1
+b D a ta  t a k e n  f rom  r e f e r e n c e  [7 ]  f o r  t h e  Eti*N s a l t s ,
were  m e a s u re d  r e l a t i v e  t o  Sn02 a t  77K. An e x p e r i m e n t a l  
e r r o r  o f  ± 0 . 0 2  mm s ” 1 i s  a s su m e d  f o r  t h e s e  
m e a s u r e m e n t s .
In  c o m p le x e s  i n v o l v i n g  n e u t r a l  l i g a n d s ,  t h e  d e c r e a s e  
i n  6 r e s u l t i n g  f rom i n c r e a s e d  c o o r d i n a t i o n  number may 
be  o f f s e t  by e l e c t r o n  d o n a t i o n  f rom  t h e  s o f t  l i g a n d .
( i i i )  S t r u c t u r e
I t  h a s  b e e n  s u g g e s t e d  [ 8 ] t h a t  t h e  i s o m e r  s h i f t  i n  
o r g a n o t i n  compounds i s  s e n s i t i v e  t o w a r d s  t h e  s t e r e o ­
c h e m i c a l  a r r a n g e m e n t  o f  l i g a n d s  a b o u t  t h e  t i n  n u c l e u s .
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T h i s  i s  most  c l e a r l y  d e m o n s t r a t e d  i n  a c o m p a r i s o n  
o f  o c t a h e d r a l  c i s -  and t r a n s - d i o r g a n o t i n  c o m p le x e s  
( T a b l e  2 . 4 ) .
. c i s - R 2 SnXit . . . . . 6 . t r a n s - R 2 SnXit . <5
Me2 S n ( o x i n ) 2 
E t 2 S n ( o x i n ) 2 
Ph2 S n ( a c a c ) 2 
P h 2 Sn(NCS)2b i p y
0 . 8 8  
0 .8 7  
0 .7 4  
0 . 8 2 .  .
Me2 S n ( a c a c ) 2 
Bu2 S n ( NCS) 2b i p y  
Bu2 Sn(NCS)2phen  
Ph 2 S n C l2 . b i p y
1 .1 8
1 .4 3
1 .4 2
1 . 2 2
T a b l e  2 .4  : I so m e r  S h i f t  D a t a  f o r  c i s -  and  t r a n s -
RP SnXit, mm s ^ 1
D a t a  t a k e n  f ro m  r e f e r e n c e s  [ 5 ] ,  [9 ]  and [ 1 0 ] .
In  g e n e r a l ,  i t  i s  fo u n d  t h a t  t h e  c i s - c o m p l e x e s  h a v e  
s i g n i f i c a n t l y  lo w e r  i s o m e r  s h i f t s  t h a n  t h e  t r a n s  
c o m p le x e s  and  t h i s  i s  t h o u g h t  t o  o r i g i n a t e  f ro m  t h e  
i n c r e a s e d  s - c h a r a c t e r  o f  t h e  Sn-C b o n d s  i n  t h e  l a t t e r  
[ 1 0 ] .
2.3 .2  The Quadrupole S p l i t t in g  Parameter
I t  was e s t a b l i s h e d  i n  S e c t i o n  2 . 2 . 2  t h a t  t h e  q u a d r u p o l e
i n t e r a c t i o n  r e s u l t e d  f rom  t h e  e s t a b l i s h m e n t  o f  an
e l e c t r i c  f i e l d  g r a d i e n t  ( e f g )  i n  t h e  v i c i n i t y  o f  t h e
n u c l e u s .  The p r i n c i p a l  c o n t r i b u t i o n s  t o  t h e  e f g ,
q v a ^ and  Q^at* " th a t ,  i f  t h e  t i n  a tom  h a s  a
p e r f e c t l y  c u b i c  c h a r g e  symm etry  (V = 0 ) ,  t h e n  noz z
q u a d r u p o l e  i n t e r a c t i o n  w i l l  e x i s t  an d  o n l y  a s i n g l e  
l i n e  s p e c t r u m  w i l l  be  o b t a i n e d .  T h i s  i s  t h e  s i t u a t i o n
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r e g a r d i n g  s y m m e t r i c a l  t e t r a o r g a n o t i n s , f a c - o c t a h e d r a l  
c o m p le x e s  a n d  s y m m e t r i c a l  i n o r g a n i c  t i n  compounds 
( e g ,  SnXi*) .
Any d e v i a t i o n  o f  t h e  n u c l e a r  c h a r g e  e n v i r o n m e n t  f ro m  
c u b i c  symm etry  p r o d u c e s  a  q u a d r u p o l e  i n t e r a c t i o n  t h a t  
r e s u l t s  i n  a  c h a r a c t e r i s t i c  t w o - l i n e  s p e c t r u m .  The 
m a g n i tu d e  o f  t h e  q u a d r u p o l e  s p l i t t i n g ,  AE0 , i s  e s t i m a t e d  
f rom  t h e  s p e c t r u m  a s  t h e  s e p a r a t i o n  b e tw e e n  t h e  two 
p e a k s .
++.
F i g u r e  2 . 6 a :  The e f f e c t  o f  t h e  q u a d r u p o l e  i n t e r a c t i o n  
on t h e  r e s u l t a n t  M o ssb au e r  S p e c t r u m
The p o i n t  c h a r g e  m odel  h a s  b e e n  shown t o  b e  a  u s e f u l  
method  o f  c o r r e l a t i n g  q u a d r u p o l e  s p l i t t i n g  w i t h  s t r u c t u r e  
i n  o r g a n o t i n  s y s t e m s  [ 1 1 ] .  The model  a s su m e s  t h a t  e a c h  
l i g a n d ,  L,  makes  a  f i x e d  c o n t r i b u t i o n ,  [ L ] ,  t o  t h e  
q u a d r u p o l e  s p l i t t i n g  r e g a r d l e s s  o f  t h e  s t r u c t u r e  o f  t h e  
compound and t h e  n a t u r e  o f  t h e  o t h e r  l i g a n d s .  Thus^ 
w i t h i n  a s e r i e s  o f  o c t a h e d r a l  c o m p l e x e s ,  RSnXl,  
cis-RgSnXit and  t r a n s - R 2SnXi* , t h e  q u a d r u p o l e  s p l i t t i n g s  
a r e  e x p e c t e d  t o  l i e  i n  t h e  r a t i o  1 : 1 : 2 .  D a t a  f o r  some
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compounds whose s t r u c t u r e s  hav e  b e e n  d e t e r m i n e d  
i n d e p e n d e n t l y ,  a r e  g i v e n  i n  T a b le  2 . 5 .
RSnXs cis^SnXi* t rans^SnX i*
BuSnCl2- 1#86a
BuSnCl3 . 2DMS0 1.73a 
BuSnClg. 2Ph3 PO 2.32a
Me2Sn(0X)2 2.02 
Bu2Sn(0X)2 2.21c 
Ph2Sn(0X)2 1.63C
jMe2Sn(acac)2 4.02 
Me2SnCl2"  4.32bZ 4
Bu2 Sn ( NCS ) 2bipy 4.04C
T a b l e  2 . 5  : Q u a d r u p o l e  S p l i t t i n g  D a ta  f o r  O c t a h e d r a l  
O r g a n o t i n  C o m p le x e s ,  mm S " 1
a D a t a ,  f rom  r e f e r e n c e  [ 7 ] ,  a r e  q u o t e d  r e l a t i v e  t o  
Sn02 w i t h  t h e  a b s o r b e r  a t  77K.
b D a t a ,  f ro m  r e f e r e n c e  [ 1 1 ] ,  a r e  q u o t e d  r e l a t i v e  t o
Sn02 w i t h  t h e  a b s o r b e r  a t  77K an d  a r e  a s s o c i a t e d  w i t h  
e r r o r  o f  ± 0 .0 5  mm s*"1 .
c C o r r e c t e d  d a t a  f rom  r e f e r e n c e  [13]  a r e  q u o t e d
r e l a t i v e  t o  BaSn03 w i t h  an a b s o r b e r  t e m p e r a t u r e  o f  
80K and a s s o c i a t e d  w i t h  an e r r o r  o f  ± 0 . 0 7  mm s ” 1 .
d D a t a  o b t a i n e d  f rom  r e f e r e n c e  [14]  a r e  q u o t e d  r e l a t i v e  
t o  BaSn03 w i t h  t h e  a b s o r b e r  a t  80K and  h a v e  an 
a s s o c i a t e d  e x p e r i m e n t a l  e r r o r  o f  ± 0 .0 2  mm s _ 1 .
P o i n t  c h a r g e  c a l c u l a t i o n s  on f o u r  c o o r d i n a t e  c o m pounds ,  
RSnX3 , R2 SnX2 and R3 SnX i n d i c a t e  t h a t  t h e  q u a d r u p o l e  
s p l i t t i n g s  s h o u l d  l i e  in  t h e  r a t i o  1 : 1 . 1 5 : 1 .  D a t a  f o r  
r e l a t e d  o r g a n o t i n s ,  T a b le  2 . 6 ,  show good a g r e e m e n t  
b e tw e e n  t h e  e x p e r i m e n t a l l y  o b s e r v e d  t r e n d  and  t h e
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p r e d i c t e d  b e h a v i o u r .
RoSnX.
0 .9 0
0 . 8 41 .2 3
2 . 4 82 .8 2P h ,  Cl
2 . 4 82 .5 4P h ,  Br
T a b l e  2 .6  ; Q u a d r u p o le  S p l i t t i n g  D a ta  f o r  4 c o o r d i n a t e  
O r g a n o t i n  Compounds, mm S " 1
1. MeSn(C6F5 ) 3 , A = 1 .1 4  mm s _1
2.  P h S n (C 6F 5 ) 3 , A = 0 .9 2  mm s _1
D a t a  s e l e c t e d  f ro m  r e f e r e n c e  [10 ]  w ere  o b t a i n e d  f rom  
a b s o r b e r s  a t  80K.
G e n e r a l l y ,  f i v e - c o o r d i n a t e  o r g a n o t i n s  e x h i b i t  i n t e r ­
m e d i a t e  AEn v a l u e s  w i t h  r e s p e c t  t o  f o u r -  and s i x -  
c o o r d i n a t e  o r g a n o t i n s  [ 1 0 ] .
E x p e r i m e n t a l l y ,  i t  i s  p o s s i b l e  t o  a s s o c i a t e  a  r a n g e  o f  
AEn v a l u e s  w i t h  p a r t i c u l a r  t i n  a tom  s t e r e o c h e m i s t r i e s .  
T a b l e  2 .7  i l l u s t r a t e s  t h i s  c o r r e l a t i o n  f o r  t y p i c a l  
g e o m e t r i e s  [ 1 5 ] .
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S t e r e o c h e m i s t r y a e q
(mm s " 1.)
T e t r a h e d r a l  R3SnX
R2 SnX2
T r i g o n a l  B i p y r a m i d a l  t r a n s - R 3 SnX2
c i s - R 3 SnX2 
m er -R 3 SnX2
O c t a h e d r a l  f a c - R 3 SnX3
m e r -R 3 SnX3 
c i s - R 2 SnXi+ 
..................t r a n s - R 2 SnXi*
1 . 0 0 - 2 . 4 0
3 . 0 0 - 4 . 0 0 *  
1 . 7 0 - 2 . 4 0  
3 . 5 0 - 4 . 1 0
0 . 0 0  
3 .5 0  
^  2 . 0 0  
^ 4 . 0 0  .
T a b l e  2 .7
*When t h e  a x i a l  Sn-X b o n d s  a r e  a l m o s t  e q u a l  i n  l e n g t h ,  
AEq ^  3 . 0 0  mm s ” 1 . As t h e  d i f f e r e n c e  b e tw e e n  t h e s e  two 
b o n d s  i n c r e a s e s ,  AEn t e n d s  t o w a r d s  4 . 0 0  mm s ” 1 .
T h e re  i s  a  c o n s i d e r a b l e  d e g r e e  o f  o v e r l a p  b e t w e e n  t h e  
AE~ r a n g e s  and c e r t a i n  s t e r e o c h e m i c a l  a r r a n g e m e n t s .
T h i s  i l l u s t r a t e s  t h e  l i m i t a t i o n  o f  u s i n g  t h i s  t y p e  o f  
c o r r e l a t i o n  i n  s t r u c t u r a l  a s s i g n m e n t s ,  and  i t  i s  c l e a r  
t h a t  AEn r a n g e s  t h e m s e l v e s  c a n n o t  b e  r e l i e d  upon  t o  
i n d i c a t e  a b s o l u t e  t i n  s i t e  g e o m e t r i e s .
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2.4 EXPERIMENTAL DETAILS
The M ossbaue r  e x p e r i m e n t  i s  e s s e n t i a l l y  a  m e a su re m en t  
o f  t h e  r e s o n a n t  a b s o r p t i o n  i n  t h e  s a m p le  b e i n g  s t u d i e d ,  
a s  a  f u n c t i o n  o f  e n e r g y .  The p r i n c i p a l  c o m p o n e n t s
o f  a  M ossbauer  s p e c t r o m e t e r a r e  t h u s :
( i ) a  s u i t a b l e  s o u r c e  o f y - p h o t o n s ,
( i i ) an e n e r g y  m o d u l a t i o n s y s t e m ,
( i i i ) a d e t e c t o r ,
( i v ) a  means o f  s t o r i n g  a c c u m u l a t e d  c o u n t s
( v ) a c r y o g e n i c  s y s t e m .
Suitable Mossbauer Isotopes
The most  w i d e l y  s t u d i e d  i s o t o p e s  u t i l i s i n g  t h e  M o ss b a u e r  
e f f e c t  a r e  i r o n - 5 7  an d  t i n - 1 1 9 ,  a l t h o u g h  a t  l e a s t  f o r t y  
o t h e r  e l e m e n t s  show t h e  e f f e c t .
The n u c l e u s  o f  an  i s o t o p e  s u i t a b l e  f o r  M o ssb a u e r  
s p e c t r o s c o p y  m ust  h a v e  an  e x c i t e d  s t a t e  o f  m o d e r a t e l y  
low e n e r g y  ( l e s s  t h a n  a b o u t  150 keV) t o  p e r m i t  t h e  
o c c u r r e n c e  o f  r e c o i l l e s s  e m i s s i o n  a n d  a b s o r p t i o n .  The 
e x c i t e d  s t a t e  must  be  a c c e s s i b l e ,  p r e f e r a b l y  by t h e  
s p o n t a n e o u s  d e c a y  o f  a  p a r e n t  i s o t o p e  w i t h  a  r e a s o n a b l y  
l o n g  h a l f - l i f e  A l s o ,  t h e  s p e c t r a l  l i n e  w i d t h  o f
t h e  M ossbauer  y - p h o t o n  must  be  s m a l l  enough  t o  p e r m i t  
r e s o l u t i o n  o f  t h e  h y p e r f i n e  i n t e r a c t i o n s ,  b u t  n o t .  so  
s m a l l  t h a t  t h e  s l i g h t e s t  l a b o r a t o r y  v i b r a t i o n  d e s t r o y s  
t h e  r e s o n a n c e  c o n d i t i o n .
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F o r  a  g i v e n  a b s o r b e r  i n  w h ic h  a b s o r p t i o n  s a t u r a t i o n  
e f f e c t s  can  be  n e g l e c t e d  ( t h e  " t h i n "  a b s o r b e r  c r i t e r i o n ) ,  
t h e  m a g n i t u d e  o f  t h e  M o ssb a u e r  e f f e c t  i s  p r o p o r t i o n a l  
t o  t h e  a r e a ,  ( A ) ,  b e n e a t h  t h e  a b s o r p t i o n  p r o f i l e .  T h i s  
i s  g i v e n  b y :
w h e re  gq i s  t h e  i s o t o p e  c r o s s - s e c t i o n ,  n i s  t h e  n a t u r a l  
i s o t o p i c  a b u n d a n c e ,  x i s  t h e  a b s o r b e r  t h i c k n e s s ,
3 i s  a s p l i t t i n g  r a t i o  e q u i v a l e n t  t o  1 /num ber  o f  
a b s o r p t i o n  l i n e s ,  and  f  and  f  a r e  a b s o r b e r  and  s o u r c e  
R e c o i l l e s s  F r a c t i o n s  r e s p e c t i v e l y .  The r e c o i l l e s s  
f r a c t i o n ,  t o  be  d i s c u s s e d  l a t e r  ( S e c t i o n  5 . 2 ) ,  g i v e s  a 
m e a s u re  o f  t h e  p r o b a b i l i t y  t h a t  y - e m i s s i o n  o r  
a b s o r p t i o n  w i l l  be  a  z e r o - p h o n o n  i n t e r a c t i o n  ( S e c t i o n  
2 . 1 . 1 ) .  I t  i s  r e l a t e d  t o  t h e  y - p h o t o n  e n e r g y  and  t h e  
mean s q u a r e  v i b r a t i o n a l  a m p l i t u d e ,  <x2 >, o f  t h e  e m i t t i n g  
( o r  a b s o r b i n g )  n u c l e u s ,  t h u s :
w h e re  X i s  t h e  w a v e l e n g t h  o f  t h e  y - p h o t o n .  T h u s ,  f  
v a r i e s  f rom  0 t o  1. From e q u a t i o n  ( 1 4 ) ,  i t  i s  a p p a r e n t  
t h a t  o n l y  t h o s e  i s o t o p e s  t h a t  h a v e  a  l a r g e  n a t u r a l  
a b u n d a n c e ,  l a r g e  c r o s s - s e c t i o n  and  l a r g e  r e c o i l - f r e e  
f r a c t i o n  w i l l  show a s i g n i f i c a n t  M o ssb a u e r  e f f e c t .
( 1 4 )
f ( 1 5 )
51
2.4 .2  The Mossbauer Source
The p r o p e r t i e s  o f  t h e  two common M o ssb a u e r  i s o t o p e s ,  
i r o n - 5 7  a n d  t i n - 1 1 9 ,  a r e  co m p ared  i n  T a b l e  2 . 8 .  The 
p a r e n t  i s o t o p e  f o r  t i n - 1 1 9  i s  t h e  8 9 .5  keV t i n - 1 1 9 m  
w h ic h  h a s  a  h a l f - l i f e  o f  245 d a y s  and  d e c a y s  d i r e c t l y  
t o  t h e  2 3 . 8  keV M ossbaue r  l e v e l ,  F i g u r e  2 . 7 .  The 
m e t a s t a b l e  s o u r c e  i s t o p e  i s  c o n v e n i e n t l y  p r e p a r e d  by 
n e u t r o n  bombardment  o f  a  m a t r i x  e n r i c h e d  i n  t i n - 1 1 8  
( n a t u r a l  a b u n d a n c e  23.84%) t o  i n c r e a s e  t h e  s p e c i f i c  
a c t i v i t y  o f  t h e  r e s u l t a n t  m e t a s t a b l e  n u c l i d e ,  and  t o  
d e p l e t e  t h e  amount o f  1 1 9 - i s o t o p e  t h e r e b y  r e d u c i n g  s e l f ­
a b s o r p t i o n  o f  t h e  y - p h o t o n s .
S e v e r a l  s o u r c e  m a t r i c e s  a r e  a v a i l a b l e  ( Sn02 , BaSn03 ,
Mg2 Sn,  Pd3 Sn)  an d  t h e  one w h ic h  h a s  b e e n  u s e d  i n  t h i s
work  i s  b a r i u m  s t a n n a t e  (BaSn03 ) ,  t h e  s o u r c e  h a v i n g
i n i t i a l  a c t i v i t y  a t  15 mCi. T h i s  m a t r i x  p r o d u c e s  a
s t r o n g  ( f s , 2 3 9 K  ^  0 . 6  H ® ] )  s i n g l e  r e s o n a n c e  w i t h  a  f u l l
e x p e r i m e n t a l  l i n e  w i d t h  o f  0 .8 1 9 6  mm s _1 an d  an  i s o m e r
s h i f t  o f  - 2 . 5 6  mm s _1 m e a s u re d  r e l a t i v e  t o  an 0 . 0 1 2 5  mm
6 - t i n  f o i l  a b s o r b e r .  The e x p e r i m e n t a l  l i n e  w i d t h s
q u o t e d  i n  t h e  f o l l o w i n g  work a r e  a c t u a l l y  t h e  sum o f
t h e  n a t u r a l  l i n e  w i d t h s  o f  t h e  e m i s s i o n  a n d  a b s o r p t i o n
p r o f i l e s ,  i e  T = r  . + T*  * exp  a b s  s o u r c e
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T i n - 1 1 9 ................................................ I r o n - 5 7  ........................................
Ey = 2 3 .8 7 1  keV 
t ^  = 1 7 .7 5  n s  
IA = 8.58% 
a = 5 .1 2  ± 0 .1 0
p = - 1 . 0 4 6 2 1 ( 6 )  nmg
p = + 0 . 6 8 2 ( 8 )  nm ......................
E = 1 4 .4 1 3  keV Y
t i  = 9 7 .8 1  n s2
IA = 2.14%
a = 8 . 2 1  ± 0 .1 2
p = + 0 . 0 9 0 2 4 ( 7 )  nm g
p = - 0 . 1 5 4 6 0 ( 1 6 )  nm
T = 2 .5 7 0  x 1 0 - 8 eV 
ojo = 0 . 6 4 6 ( 4 )  mm s -1 
Er = 2 . 5 7 0 3 ( 1 1 )  x 10” 3 eV
r  = 4 . 6 6 5 ( 7 )  x 1 0 - 9 eV 
coo = 0 . 1 9 4 0 ( 3 )  mm s ” 1 
Er = 1 . 9 5 6 2 7 5 ( 2 5 )  x  10“ 3 eV
L i n e  P o s i t i o n s  e n r i c h e d  
F e , RT s y m m e t r i c a l
± 5 . 3 1 2 ( 4 )  ± 3 . 0 7 6 ( 2 )
± 0 . 8 4 0 ( 2 )  mm s ” 1
1 mm s -1 = 7 . 9 6 2 5 ( 2 3 )  
x 10“ 8 eV
1 mm s “ 1 = 4 . 8 0 7 6 6 ( 3 )  
x 1 0 - 8 eV
T a b l e  2 . 8  : M o ssb au e r  N u c l e a r  P a r a m e t e r s  and C a l i b r a t i o n  
D a ta  f o r  T i n - 1 1 9  and  I r o n - 5 7
D a ta  t a k e n  f ro m  r e f e r e n c e s  [17]  an d  [ 1 8 ] .
KEY
IA = n a t u r a l  i s o t o p i c  a b u n d a n c e ,  p = m a g n e t i c  moment o f  
g ro u n d  (g )  and  e x c i t e d  ( e )  s t a t e s ,  a = i n t e r n a l  c o n v e r s i o n  
c o e f f i c i e n t  o f  M ossbaue r  t r a n s i t i o n  and  ER = r e c o i l  e n e r g y .
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•11 9mSn
( 245d)
y 6 5 . 6 6  keV
( 1 7 .7 5  n s )+
+
S o u rc e
1 1 9
119
Sn*
Sn
A b s o r b e r
F i g u r e  2 . 7  : N u c l e a r  Decay Scheme f o r  T in -1 1 9 m
2 .4 .3  Mossbauer Absorbers
I t  was s t a t e d  i n  S e c t i o n  2 . 1 . 1  t h a t  t h e  l i n e  w i d t h ,  T, 
o f  t h e  e m i t t e d  y - p h o t o n  i s  r e l a t e d  t o  t h e  h a l f - l i f e  
o f  t h e  e x c i t e d  n u c l e a r  s t a t e ,  t h u s  T = h /2 i r  t ,  w here
t h e  mean l i f e t i m e ,  t , i s  e q u a l  t o  t 1 / 0 . 6 9 3 .  In
2
p r a c t i c e ,  t h e  e x p e r i m e n t a l  l i n e  w i d t h  i s  i n f l u e n c e d  
by t h e  a b s o r b e r  t h i c k n e s s ,  t .
T h i s  i s  e v a l u a t e d  f rom  e q u a t i o n  16 [19]  i n  w h ich  ao 
i s  t h e  p e a k  n u c l e a r  cross’- s e c t i o n  a t  r e s o n a n c e ,  f  i s  
t h e  a b s o r b e r  r e c o i l l e s s  f r a c t i o n ,  n i s  t h e  number  o f  
r e s o n a n t  n u c l e i / c m 2 and 3 r e p r e s e n t s  t h e  p a r t i a l  
s t r e n g t h  o f  t h e  a b s o r p t i o n  l i n e  i n t e n s i t y  i n  h y p e r f i n e  
s p l i t  s p e c t r a .  T h u s ,  f o r  a s y m m e t r i c a l l y  s p l i t  
q u a d r u p o l e  d o u b l e t ,  3 = 0 . 5
t  = 3. n . f  . a03. ( 1 6 )
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F o r  t i n - 1 1 9 ,  a 0 = 1 .4 0 3 1 3  x 10 18 cm2 [ 2 0 ] ,
As t h e  a b s o r b e r  t h i c k n e s s  i n c r e a s e s  b e y o n d  t  % 10 [ 1 9 ] ,  
t h e  l i n e  s h a p e  b e g i n s  t o  d e v i a t e  f rom  p u r e l y  
L o r e n t z i a n  a s  s a t u r a t i o n  e f f e c t s  become e v i d e n t .  In  
o r d e r  t o  m i n i m i s e  l i n e  b r o a d e n i n g  w i t h o u t  i n c u r r i n g  
e x c e s s i v e  a c c u m u l a t i o n  t i m e s  t o  o b s e r v e  t h e  e f f e c t ,  i t  
i s  n e c e s s a r y  t o  o p t i m i s e  t  f o r  e a c h  o f  t h e  s a m p le  t y p e s  
u n d e r  s t u d y .  The a c t u a l  a r e a  u n d e r  t h e  a b s o r p t i o n  
c u r v e  f o r  an a b s o r b e r  o f  t h i c k n e s s  t  i s  g i v e n  b y :
A ( t )  = f g r a TT exp
r \' t T t » T f \t —2 JLO 2 V J + I I 2  ^ J ( 1 7 )
w here  I Q and  I i  a r e  t h e  z e r o t h  and  f i r s t  o r d e r  B e s s e l  
f u n c t i o n s ,  f s  i s  t h e  r e c o i l l e s s  f r a c t i o n  o f  t h e  s o u r c e  
and r  i s  t h e  l i n e  w i d t h  o f  t h e  a b s o r b e r  [ 1 6 ] .  The s m a l la
t  e x p a n s i o n  o f  e q u a t i o n  (1 7 )  l e a d s  t o :
A ( t )  « f s t ( l  -  0 . 2 5 t  + 0 . 0 6 2 5 t 2 + ____ ) ( 1 7 a )
w h ich  h o l d s  when t  << 5 .  F o r  t  > 1 0 ,  e q u a t i o n  ( 1 7 )  m ust  
a p p l y .
T y p i c a l  v a l u e s  f o r  t  i n  a u t h e n t i c  a n t i f o u l i n g  e l a s t o m e r s  
can  b e  e s t i m a t e d  f ro m  e q u a t i o n  ( 1 6 )  i f  a p p r o x i m a t e  f a  
v a l u e s  a r e  a s su m ed .  A t y p i c a l  c a l c u l a t i o n  f ro m  AFR 3644 
c o n t a i n i n g  2.5% by w e i g h t  o f  TBTC1 i s  shown b e l o w :
Mass o f  e l a s t o m e r  = 1 .8 2 4 3  g = 0 .0 4 5 6 1  g TBTC1 
T h e r e f o r e  mass  o f  t i n - 1 1 9  i n  e l a s t o m e r  = 1 .4 3  x 10“ 3 g 
Sample a r e a  = 2 .2 7  cm2 .
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So we hav e  : 1 .4 3  x 10“ 3 x 9—-----------  ^  a tom s  t m - 1 1 9 / c m 2
119 x 4 . 9 1
i . e .  n = 1 .4 7  x 1 0 18 a t o m s / cm2 .
O r g a n o t i n s  t y p i c a l l y  e x h i b i t  f - v a l u e s  b e tw e e n  0 . 0 6  a n d
0 . 4  a t  80K. S u b s t i t u t i n g  t h e  maximum, v a l u e  i n t o  
e q u a t i o n  ( 1 6 )  a l o n g  w i t h  n y i e l d s :
t  = 0 . 5  x 1 .4 0 3 1 3  x 10~18(cm2 ) x 3 .1 9  x 1 0 1 8 (cm2 ) 
x 0 . 4
-  0-41
B e c a u se  t  << 5 ,  t h e  s m a l l  t  e x p a n s i o n  o f  e q u a t i o n  ( 1 7 )  
may b e  u s e d  t o  d e m o n s t r a t e  t h a t  t h e  a r e a  b e n e a t h  t h e  
a b s o r p t i o n  p r o f i l e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
a b s o r b e r  t h i c k n e s s  i n  t h i s  s a m p l e :
A ( t ) * f s t  -  0 . 2 5  f s t 2 + 0 .0 6 2 5  f s t 3 + ____
A ( t )  * 0 .4 1  f s  -  0 .0 4 2  f s  + 0 .0 0 4 3 1  f s  + ____
The n o n - l i n e a r  t - t e r m s  a r e  c o n s i d e r e d  n e g l i g i b l e  a n d  t h e  
a r e a  c a n  be e x p r e s s e d  i n  t h e  fo rm
A ( t )  = c o n s t . t ,  f o r  a  g i v e n  s o u r c e .
Under  t h e s e  c o n d i t i o n s ,  a  good q u a l i t y  s p e c t r u m  f o r  t h e  
e l a s t o m e r s  c o u l d  be  o b t a i n e d  i n  24 h o u r s .  C e r t a i n  n e a t  
o r g a n o t i n s  r e q u i r e d  much s h o r t e r  r u n  t i m e s  ( c a .  2 h o u r s )  
w h i l s t  o t h e r  o r g a n o t i n  s y s t e m s  n e e d e d  d a y s  t o  r e v e a l  
f i n e  d e t a i l .  T h e se  w i l l  be  d i s c u s s e d  i n  t h e  a p p r o p r i a t e  
s e c t i o n s .
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2.5 INSTRUMENTATION
The p r i n c i p a l  e l e m e n t s  o f  a  M o ssb a u e r  s p e c t r o m e t e r  
w ere  b r i e f l y  m e n t i o n e d  i n  t h e  p r e v i o u s  s e c t i o n  ( 2 . 4 ) .  
F i g u r e  2 . 8  g i v e s  a  s c h e m a t i c  d i a g r a m  o f  t h e  M o ssb a u e r  
s p e c t r o m e t e r  u s e d  i n  t h i s  s t u d y .
2.5 .1  Mossbauer Drive System and Multichannel Analyser
A t r a n s m i s s i o n  M o ssb au e r  s p e c t r u m  c o n s i s t s  o f  a  p l o t  
o f  t h e  number o f  y - p h o t o n s  t r a n s m i t t e d  t h r o u g h  an  
a b s o r b e r  a s  a  f u n c t i o n  o f  t h e  i n s t a n t a n e o u s  r e l a t i v e  
v e l o c i t y  o f  t h e  s o u r c e  w i t h  r e s p e c t  t o  t h e  a b s o r b e r .
In  t h i s  w o rk ,  D o p p l e r  v e l o c i t i e s  w e re  i m p a r t e d  t o  t h e  
s o u r c e  by m o u n t in g  i t  on t h e  m oving  r o d  o f  an E l s c i n t  
L i n e a r  V e l o c i t y  T r a n s d u c e r ,  Model MVT4. T h i s  was 
o p e r a t e d  i n  c o n j u n c t i o n  w i th  t h e  E l s c i n t  T r a n s d u c e r  
D r i v i n g  U n i t ,  M odel ,  ( i )  MDF-N-G o r  ( i i )  MFG-N-5.
A M u l t i - C h a n n e l  A n a l y s e r  (MCA) ( C a n b e r r a  I n d u s t r i e s  
S e r i e s  30)  e m p lo y in g  512 c h a n n e l s  was u s e d ,  an d  f ro m  
t h i s  a s q u a r e  wave h a v i n g  i t s  l e a d i n g  e d g e s  a t  c h a n n e l s  
256 and  512 was e x t r a c t e d  by t h e  t r a n s d u c e r  d r i v i n g  u n i t .  
The i n t e g r a t e d  s q u a r e  wave r e s u l t s  i n  a  s y m m e t r i c a l  
t r i a n g u l a r  wave fo rm  t h a t  i s  f e d  t o  t h e  v e l o c i t y  
t r a n s d u c e r .  The s o u r c e  i s  t h e n  v i b r a t e d  u n d e r  c o n s t a n t  
a c c e l e r a t i o n  and f e e d b a c k  c i r c u i t s  e n s u r e  t h a t  t h e  
t r a n s d u c e r  f o l l o w s  t h e  w avefo rm  p r e c i s e l y .  The a m p l i t u d e  
o f  t h e  t r i a n g u l a r  wave d e t e r m i n e s  t h e  v e l o c i t y  s c a n  o f  
t h e  t r a n s d u c e r  and  i s  a d j u s t e d  u s i n g  a c o n v e n t i o n a l  
p o t e n t i o m e t e r  ( h e l i p o t ) .  For  t h e  o r g a n o t i n  s t u d i e s ,  
a  v e l o c i t y  r a n g e  o f  ± 6 mm s _1 p r o v i d e d  a  c o n v e n i e n t  
s c a l e  f o r  t h e  M ossbauer  s p e c t r a .
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The MCA o p e r a t e s  i n  two inodes:
( i )  P u l s e  H e i g h t  A n a l y s i s  (PHA) mode e m p lo y s  a
s i n g l e  c h a n n e l  a n a l y s e r  (SCA) t o  s e t  an  e n e r g y  
window on the  appropriate M o ssb a u e r  y - p h o t o n ,
F i g u r e  2 . 9 ( a ) .
( i i )  Time mode w h ere  t h e  a n a l y s e r  o p e r a t e s  a s  a
m u l t i c h a n n e l  s c a l e r  (MCS). I n  t h i s  mode,  t h e  
a n a l y s e r  s e q u e n t i a l l y  sw eeps  t h r o u g h  512 c h a n n e l s  
( o r  1024 o r  256 d e p e n d i n g  on t h e  p a r t i c u l a r  
e x p e r i m e n t )  w i t h  t y p i c a l  d w e l l  t i m e s  p e r  c h a n n e l  
o f  200 u s .  At t h e  e n d  o f  one 512 c h a n n e l  s w e e p ,  
t h e  a n a l y s e r  r e p e a t s  t h e  c y c l e  a t  a  f r e q u e n c y  o f  
a b o u t  10 Hz. C lo c k  p u l s e s  f ro m  t h e  w a v e fo rm  
g e n e r a t o r  e n a b l e  t h e  MCA t o  s y n c h r o n i s e  w i t h  t h e  
t r a n s d u c e r  so  t h a t  e a c h  c h a n n e l  c o r r e s p o n d s  t o  a  
s p e c i f i c  D o p p l e r  v e l o c i t y .  The s y m m e t r i c a l  
n a t u r e  o f  t h e  v e l o c i t y  w a v e fo rm ,  F i g u r e  2 . 9  ( b ) ,  
means t h a t  t h e  s o u r c e  moves u n d e r  a  c e r t a i n  
v e l o c i t y  t w i c e  d u r i n g  one  c y c l e .  T h i s  r e s u l t s  i n  
t h e  a c c u m u l a t i o n  o f  two s p e c t r a ,  m i r r o r  im aged  
a b o u t  t h e  c e n t r a l  c h a n n e l  ( ^  2 5 6 ) .  The d u p l i c a t e  
s p e c t r a  c a n  e a s i l y  be  c o m bined  u s i n g  an a p p r o p r i a t e  
c o m p u te r  f o l d i n g  p r o g r a m  ( S e c t i o n  2 . 6 )  an d  t h e y  
p r o v i d e  a means o f  i d e n t i f y i n g  any  l a c k  o f  
l i n e a r i t y  i n  t h e  v e l o c i t y  s c a n .
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F ig u r e  2.9 (b )  S y n c h r o n i z a t i o n  o f  MCA and t r a n s d u c e r
sw eeps
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2.5 .2  Detectors
The d e t e c t i o n  s y s t e m  c o n s i s t s  o f  e i t h e r  a  s c i n t i l l a t i o n  
c o u n t e r  o r  g a s - f i l l e d  p r o p o r t i o n a l  c o u n t e r  ( d e p e n d i n g  
upon  E y ) ,  t o g e t h e r  w i t h  a  p r e - a m p l i f i e r  a n d  a m p l i f i e r .  
F o r  i r o n - 5 7  s p e c t r o s c o p y  an d  lo w e r  e n e r g y  y - p h o t o n s ,  
t h e  g a s  p r o p o r t i o n a l  c o u n t e r  i s  p r e f e r r e d  b e c a u s e  o f  
i t s  h i g h  e f f i c i e n c y  and  good  r e s o l u t i o n  a t  low e n e r g y .  
T h u s ,  f o r  s p e c t r o m e t e r  c a l i b r a t i o n  e m p l o y i n g  t h e  
m a g n e t i c a l l y  s p l i t  s p e c t r u m  o f  n a t u r a l  i r o n  ( e n r i c h e d  
i n  i r o n - 5 7 )  and  t h e  1 4 .4  keV M o ssb a u e r  y - t r a n s i t i o n , a 
g a s - p r o p o r t i o n a l  c o u n t e r  f i l l e d  w i t h  a r g o n  (95%) and 
m e th a n e  (5% -  q u e n c h  g a s )  f ro m  t h e  M o ssb au e r  G ro u p ,  
AERE, H a r w e l l ,  was u s e d .
The s o d iu m  i o d i d e - t h a l l i u m  a c t i v a t e d ,  N a l ( T l ) ,  
s c i n t i l l a t i o n  c o u n t e r  ( c r y s t a l  t h i c k n e s s  0 . 5  mm) i s  
t h e  most  e f f i c i e n t  d e t e c t o r  f o r  t h e  2 3 .8  keV y - p h o t o n s  
m e a s u r e d  i n  t h e  t i n - 1 1 9  e x p e r i m e n t s .  The p a r t i c u l a r  
m odel  (DM1-2) u s e d  in  t h i s  work  was s u p p l i e d  by  N u c l e a r  
E n t e r p r i s e s  L i m i t e d  and  was o p e r a t e d  a t  1 kV i n  a l l  
e x p e r i m e n t s .
2.5 .3  Cryogenics
The p r i n c i p a l  r e a s o n  f o r  e m p l o y i n g  low t e m p e r a t u r e s  
i n  t h i s  w o rk ,  was t o  i n c r e a s e  t h e  a b s o r b e r  r e c o i l l e s s  
f r a c t i o n  i n  a v a r i e t y  o f  o r g a n o t i n  s y s t e m s .  Two 
p a r t i c u l a r  c r y o g e n i c  s y s t e m s  w ere  e m p lo y e d ,  d e p e n d i n g  
on t h e  t e m p e r a t u r e  r a n g e  n e e d e d  f o r  a  p a r t i c u l a r  
e x p e r i m e n t .
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( i )  The m a j o r i t y  o f  t h e  e x p e r i m e n t s  w ere  c a r r i e d  o u t  
i s o t h e r m a l l y  w i t h  t h e  a b s o r b e r  a t  80K. F o r  t h i s ,  
an O x f o rd  I n s t r u m e n t s  l i q u i d  n i t r o g e n - c o o l e d  
c r y o s t a t  (Model DN1726) w i t h  v a r i a b l e  t e m p e r a t u r e  
f a c i l i t y ,  was u s e d  i n  c o n j u n c t i o n  w i t h  a  Model 3120 
d i g i t a l  t e m p e r a t u r e  c o n t r o l l e r  f ro m  t h e  same 
m a n u f a c t u r e r s .
The c r y o s t a t  o p e r a t e s  on t h e  p r i n c i p l e  o f  t h e  
c o n t r o l l e d  c o n t i n u o u s  t r a n s f e r  o f  l i q u i d  n i t r o g e n  
f ro m  a  r e s e r v o i r  t o  a  h e a t  e x c h a n g e r  w h ic h  
s u r r o u n d s  t h e  sam p le  s p a c e ,  F i g u r e  2 . 1 0 ( a ) .  A 
p l a t i n u m  s e n s o r  and  a  h e a t e r  f i t t e d  t o  t h e  h e a t  
e x c h a n g e r  a l l o w  t h e  3120 t e m p e r a t u r e  c o n t r o l l e r  
t o  o f f s e t  t h e  c o o l i n g  e f f e c t  o f  t h e  c i r c u l a t i n g  
n i t r o g e n ,  and  m a i n t a i n  t h e  s a m p le  a t  a  p r e s e t  
d e s i r e d  t e m p e r a t u r e ;  80K. The u s e  o f  n i t r o g e n  
e x c h a n g e  g a s  i n  t h e  s a m p le  s p a c e  a f f o r d s  r a p i d  
t h e r m a l  e q u i l i b r a t i o n .
The s a m p le  i t s e l f  i s  h e l d  i n  t h e  low t e m p e r a t u r e  
r e g i o n  by a s a m p le  p r o b e  s u c h  t h a t  t h e  a b s o r b e r  
r e s t s  i n  a l i g n m e n t  w i t h  t h e  a l u m i n i s e d  m y la r  
windows t h r o u g h  w h ic h  t h e  y - p h o t o n s  p a s s .  Two 
sa m p le  p r o b e s  w ere  u s e d ,  one  o f  w h ic h  c o u l d  b e  
c o u p l e d  t o  t h e  t e m p e r a t u r e  c o n t r o l l e r  f o r  more 
d i r e c t  h e a t i n g  o f  t h e  s a m p l e ,  F i g u r e  2 . 1 0 ( b ) .
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F ig u r e  2 . 1 p ( a )  V e r t i c a l  S e c t i o n  th ro u g h  DN1726
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c r y o s t a t
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( i i )  The v a r i a b l e  t e m p e r a t u r e  e x p e r i m e n t s  d e s c r i b e d  
i n  S e c t i o n  5. 3, r e q u i r e d  much lo w e r  a b s o r b e r  
t e m p e r a t u r e s  t h a n  c o u l d  be  a c h i e v e d  w i t h  t h e  
DN1726 c r y o s t a t .  T h e r e f o r e ,  a s e c o n d  s y s t e m  
u s i n g  pumped h e l i u m  g a s  was u s e d  t o  c o o l  t h e  
a b s o r b e r s  down t o  a  b a s e  t e m p e r a t u r e  o f  1 2 . 5K.
The s y s t e m  was c o m p r i s e d  o f  f o u r  b a s i c  c o m p o n e n t s ;  
a h e l i u m  c o m p r e s s o r  u n i t ,  an  e x p a n d e r  m odule  an d  
sam p le  s t a g e ,  a  t e m p e r a t u r e  c o n t r o l l e r  an d  vacuum 
s y s t e m  shown s c h e m a t i c a l l y  i n  F i g u r e  2 . 1 1 .
T h i s  b a s i c  a r r a n g e m e n t  c o n s t i t u t e s  t h e  " D i s p l e x "  
c r y o s t a t  and t h e  p r i n c i p a l  c o m p o n e n t s ,  s u p p l i e d  
by A i r  P r o d u c t s  and  C h e m ic a l s  I n c . ,  w e r e ;  t h e  
e x p a n d e r  module (Model  DE202) ,  t h e  c o m p r e s s o r  
module  (model  IR02W) a n d  t h e  t e m p e r a t u r e  
c o n t r o l l e r  ( s e r i e s  3 7 0 0 ) .  The a b s o r b e r s ,  h e l d  i n  
an a p p r o p r i a t e  s a m p le  h o l d e r ,  w e re  f i x e d  t o  a 
Mc o l d - f i n g e r " . The f i n g e r  i s  m e c h a n i c a l l y  i s o l a t e d  
f rom  t h e  h e a t  e x c h a n g e r  and i s  c o o l e d  by h e l i u m  
e x c h a n g e  g a s .  The h e a t  e x c h a n g e r  i s  c o o l e d  by  t h e  
e x p a n s i o n  o f  h i g h  p r e s s u r e  h e l i u m  g a s  down f ro m  
t h e  c o m p r e s s o r  m o d u le .  Low p r e s s u r e  h e l i u m  
l e a v i n g  t h e  e x p a n d e r  m odu le  i s  c o n t i n u o u s l y  
r e c y c l e d  by t h e  c o m p r e s s o r  f o r  f u r t h e r  u s e  a s  a  
c r y o g e n .  The s a m p le  a r e a  i s  h e l d  u n d e r  vacuum 
(% 10“ 6 t o r r ) . a n d  t h e  a b s o r b e r s  a r e  c o o l e d  by 
c o n d u c t i o n  o f  h e a t  a l o n g  t h e  c o l d  f i n g e r .
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In  o r d e r  t o  e l i m i n a t e ,  v i b r a t i o n s  i n  t h e  s a m p le  
a r e a  w h ic h  may have  d e s t r o y e d  r e s o n a n c e ,  f l e x i b l e  
c o u p l i n g s  were  u s e d  f o r  g a s  t r a n s f e r  b e tw e e n  t h e  
vacuum pumps and  t h e  c o m p r e s s o r  m o d u le .  V i b r a t i o n s  
f rom  t h e  v a l v e  m o to r  a s s e m b l y  i n  t h e  e x p a n d e r  
module  were  e l i m i n a t e d  by  m o u n t i n g  t h i s  p a r t  o f  t h e  
a p p a r a t u s  i n  a  f ra m e  t h a t  was s e c u r e l y  b o l t e d  t o  a 
c o n c r e t e  p i l l a r  i n  t h e  l a b o r a t o r y .  The lo w e r  p a r t  
o f  t h e  a p p a r a t u s ,  c o n t a i n i n g  t h e  s a m p le  s t a g e ,  was 
s i m i l a r l y  s u p p o r t e d  i n  a  f r a m e  t h a t  was  b o l t e d  t o  
t h e  f l o o r  o f  t h e  l a b o r a t o r y .  T h e o n ly  p h y s i c a l  l i n k  
b e tw e e n  t h e  two p o r t i o n s  o f  t h e  a s s e m b l y ,  t h e n ,  
c o n s i s t e d  o f  a s e t  o f  s o f t  r u b b e r  b e l l o w s  w h ich  
i s o l a t e d  t h e  v i b r a t i o n s  f ro m  t h e  e x p a n d e r  v a l v e  
m o t o r .
2.6 DATA HANDLING
H a v in g  o b t a i n e d  a  m i r r o r  im aged  M o ssb a u e r  s p e c t r u m  on 
t h e  MCA ( S e c t i o n  2 . 5 . 1 ) ,  t h e  " ra w "  d a t a  must  be  co m b in ed  
t o  p r o d u c e  a  s i n g l e  s p e c t r u m  w h ic h  may t h e n  b e  i n t e r ­
p r e t e d  by  m o d e l l i n g  t h e  d a t a  t o  t h e o r e t i c a l  L o r e n t z i a n  
l i n e  f u n c t i o n s .  T h e se  two o p e r a t i o n s ;  f o l d i n g  and  
f i t t i n g ,  a r e  r e a d i l y  p e r f o r m e d  by  a  number  o f  p r o g r a m s  
r u n n i n g  on a l a b o r a t o r y - b a s e d  H e w l e t t - P a c k a r d  HP86 
m i c r o c o m p u t e r  and on t h e  P o l y t e c h n i c  m a in f r a m e  f a c i l i t y ,  
an IBM 4341 .
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2.6 .1  Data Transfer
In  t h e  e a r l y  s t a g e s  o f  t h i s  p r o j e c t ,  d a t a  t r a n s f e r  
b e tw e e n  t h e  MCA and  t h e  IBM 4341 was a c c o m p l i s h e d  by 
means o f  p u n c h e d  p a p e r  t a p e .  T h i s  i n v o l v e d  t h e  r a t h e r  
t e d i o u s  p r o c e s s  o f  c o n v e r t i n g  t h e  MCA d a t a  t o  p a p e r  t a p e  
f o rm ,  f o l l o w e d  by  t h e  e q u a l l y  t e d i o u s  p r o c e s s  o f  r e a d i n g  
t h e  p a p e r  t a p e  d a t a  i n t o  a f i l e  s p e c i a l l y  a l l o c a t e d  i n  
t h e  IBM 4341 memory.
R e c e n t l y ,  h o w e v e r ,  d a t a  t r a n s f e r  f rom  t h e  MCA t o  t h e  
m a in f ram e  h a s  b e e n  g r e a t l y  s i m p l i f i e d  ( t h o u g h  n o t  h a s t e n e d ! )  
by t h e  u s e  o f  two i n t e r f a c i n g  p r o g r a m s . .  The f i r s t ,
"MOSSPLOT 9K ", i s  a  BASIC r o u t i n e  r u n n i n g  on t h e  HP 86 
i n  t h e  l a b o r a t o r y ,  and  t h i s  r e a d s  t h e  raw  d a t a  f ro m  t h e  
MCA, t h e n  s t o r e s  i t  on d i s c  i n  a  f o r m a t  s u i t a b l e  f o r  
s u b s e q u e n t  t r a n s f e r  t o  t h e  m a i n f r a m e .  T h i s  p r o g r a m  a l s o  
a l l o w s  t h e  p l o t t i n g  o f  raw  f o l d e d  d a t a  on a  d e d i c a t e d  
HP 7475A p l o t t e r .
The s e c o n d  i n t e r f a c i n g  p r o g r a m ,  "KERMIT", e n a b l e s  t h e  HP 86 
t o  e m u l a t e  a  m a in f r a m e  I /O  d e v i c e  and  f a c i l i t a t e s  t h e  
d i r e c t  t r a n s f e r  o f  d a t a  f ro m  d i s c  s t o r a g e  t o  t h e  m a i n ­
f r a m e .  The i n t e r a c t i o n  b e tw e e n  t h e s e  d a t a  h a n d l i n g  
e l e m e n t s  i s  i l l u s t r a t e d  i n  F i g u r e  2 . 1 2 .
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F i g u r e  2 . 1 2  : S c h e m a t i c  o f  t h e  M o ssb au e r  D a t a  T r a n s f e r  
P r o c e s s e s
2,6 .2  The Folding Program
On a r r i v a l  a t  t h e  m a i n f r a m e ,  t h e  raw d a t a  f o r  t h e  m i r r o r
im aged  s p e c t r u m  must  b e  f o l d e d  t o  p r o d u c e  a  s i n g l e
s p e c t r u m .  T h i s  i s  a c c o m p l i s h e d  u s i n g  t h e  FORTRAN 77
MOSFOLD r o u t i n e  w h ich  maps d a t a  p o i n t s  f rom one  h a l f
o f  t h e  MCA memory ( c h a n n e l s  0 - 2 5 6 )  t o  c o r r e s p o n d i n g
p o i n t s  i n  t h e  o t h e r  h a l f  ( c h a n n e l s  2 5 6 - 5 1 2 ) .  A s e r i e s
o f  f o l d i n g  p o s i t i o n s  a r e  c a l c u l a t e d  and t h e  m i r r o r  a x i s
i s  c h o s e n  s u c h  t h a t  t h e  sum £ (x ? ,  -  x 5 . ) ,  w h e re  x n//2  '2 h
and x 2^  a r e  m i r r o r e d  d a t a  p o i n t s ,  i s  a  minimum. T h i s  
p r o c e s s  r e s u l t s  i n  a s i n g l e  M o ssb a u e r  s p e c t r u m  w i t h  t h e  
z e r o  v e l o c i t y  p o s i t i o n  l o c a t e d  a t  c h a n n e l  number  e i t h e r  
1 2 8 .5  o r  1 2 9 . 0 .
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2.6 .3  The F i t t in g  Program
A FORTRAN p r o g ra m ,  MOSFIT, d e v e l o p e d  a t  UKAEA H a r w e l l  
[21]  i s  u s e d  t o  model  t h e o r e t i c a l  L o r e n t z i a n  l i n e  
f u n c t i o n s  t o  t h e  f o l d e d  d a t a  p o i n t s .  I n i t i a l  g u e s s e s  
a r e  made a s  t o  t h e  l i n e  p o s i t i o n s ,  w i d t h s  an d  r e l a t i v e  
d e p t h s  o f  t h e  com puted  c u r v e ,  F I T ( I ) ,  w h ic h  b e s t  f i t s  
t h e  d a t a  p o i n t s ,  DATA(I) .  A n o n - l i n e a r  l e a s t  s q u a r e s  
r e g r e s s i o n  r o u t i n e ,  VA05A, t h e n  m o d i f i e s  t h e s e  p a r a m e t e r s  
u n t i l  t h e  s t a t i s t i c a l  v a r i a t i o n  b e tw e e n  F I T ( I )  and  
DATA(I) ,  d e n o t e d  by  x 2 i s  minimum. T h u s ,
2 5 5
X2 = t  [ F I T ( I ) -  D A TA (I) ]2 / a !  
i=o
w here  i s  t h e  v a r i a n c e  f o r  d a t a  i n  c h a n n e l  i .
The q u a l i t y  o f  f i t  d e p e n d s  upon t h e  i n i t i a l  g u e s s e s  made 
f o r  t h e  p a r a m e t e r s  and  on t h e  c o m p l e x i t y  o f  t h e  s p e c t r u m ,  
and  t h e  s t a t i s t i c a l  q u a l i t y  o f  t h e  e x p e r i m e n t a l  d a t a .
F i n a l l y ,  a  t h i r d  p r o g r a m ,  MOSPLOT, i s  u s e d  t o  p r o d u c e  a  
g r a p h i c a l  o u t p u t  o f  t h e  c o m p u te r  f i t  t o  t h e  e x p e r i m e n t a l  
d a t a ,  a n d  t h e s e  c o n s t i t u t e  t h e  M o ssb au e r  s p e c t r a  p r e s e n t e d  
i n  t h e  f o l l o w i n g  c h a p t e r s .
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2.7 Ca l ibration
The v e l o c i t y  r a n g e  s e t  by t h e  h e l i p o t  ( S e c t i o n  2 . 5 . 1 )  i s  
a  n o m in a l  q u a n t i t y  o n l y  and i n  o r d e r  t o  o b t a i n  a 
M o ssb a u e r  s p e c t r u m  w i t h  an a c c u r a t e ,  v e l o c i t y  s c a l e ,  i t  i s  
n e c e s s a r y  t o  c a l i b r a t e  t h e  512 c h a n n e l s  o f  t h e  MCA in  
t e r m s  o f  mm s - 1 . T h i s  i s  most  r e a d i l y  a c c o m p l i s h e d  by 
r e c o r d i n g  t h e  s p e c t r a  o f  s t a n d a r d  a b s o r b e r s  whose l i n e  
p o s i t i o n s  ( i n  mm s _ 1 ) hav e  b e e n  a c c u r a t e l y  d e t e r m i n e d  by 
a b s o l u t e  c a l i b r a t i o n  m e t h o d s .
Two s u c h  a b s o r b e r s  u s e d  i n  t h i s  l a b o r a t o r y  a r e  i r o n - 5 7  
e n r i c h e d  i r o n  m e t a l ,  w h ic h  p r o d u c e s  a  m a g n e t i c a l l y  s p l i t  
6 - l i n e  s p e c t r u m ,  and  sod ium  n i t r o p r u s s i d e  (SNP) w h ic h  
y i e l d s  a  2 - l i n e  q u a d r u p o l e  s p l i t  s p e c t r u m  (AEq = 1 .7 0 5  mms” 1 ) .  
The M o ssb au e r  E f f e c t  R e f e r e n c e  D a t a  J o u r n a l  (MERDJ) [2 2 ]  
h a s  p u b l i s h e d  t h e  w e i g h t e d  a v e r a g e  v a l u e s  f o r  t h e  e n r i c h e d  
i r o n  l i n e  p o s i t i o n s ,  and t h e y  a r e :
l i n e s  ( 1 , 6 )  o c c u r  a t  ± 5 .3 1 2  mm s _1
l i n e s  ( 2 , 5 )  o c c u r  a t  ± 3 .076  mm s""1
l i n e s  ( 3 , 4 )  o c c u r  a t  ± 0 .8 4 0  mm s ” 1
T h e se  l i n e s  a r e  u s e d  a s  s e c o n d a r y  s t a n d a r d s  t o  c a l i b r a t e
t h e  v e l o c i t y  s c a l e  o f  t h e  s p e c t r o m e t e r  t y p i c a l l y  o v e r  
± 6 mm s - 1 . The s i n g l e  l i n e  s o u r c e  u s e d  f o r  t h i s  
p u r p o s e  was composed o f  c o b a l t - 5  7 embedded i n  a  
r h o d iu m  m a t r i x .  C o b a l t -57  d e c a y s  by e l e c t r o n  c a p t u r e  t o  
an e x c i t e d  s t a t e  i r o n - 5 7  n u c l e u s  w h ic h  t h e n  r e l a x e s  by 
e m i s s i o n  o f  t h e  1 4 .4  keV M o ssb a u e r  y - p h o t o n .
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The s i x  i r o n  l i n e s  a r e  f i t t e d  i n  p a i r s  and  a n  a v e r a g e  
v a l u e  f o r  a c a l i b r a t i o n  c o n s t a n t  ( e x p r e s s e d  a s  
c h . mm“ 1 . s ) i s  e v a l u a t e d .  T h i s  q u a n t i t y  i s  t h e n  u s e d  
i n  s u b s e q u e n t  t i n - 1 1 9  work t o  c o n v e r t  c h a n n e l s  i n t o  
t h e  c o r r e s p o n d i n g  D o p p l e r  v e l o c i t i e s .
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CHAPTER 3 : INITIAL STUDIES OF MARINE ANTIFOULING
ELASTOMERS 
3,1 Introduction
The p r o d u c t i o n  o f  an  e l a s t o m e r i c  m a r i n e  a n t i f o u l i n g  
c o a t i n g ,  w i t h  u s e f u l  p h y s i c a l  p r o p e r t i e s ,  r e q u i r e s  t h e  
com pounding  o f  t h e  b a s e  e l a s t o m e r  w i t h  s e v e r a l  i m p o r t a n t  
a d d i t i v e s .  Two c l a s s e s  o f  a d d i t i v e s  a r e  o f  s p e c i a l  
i m p o r t a n c e ;  c u r a t i v e s  t h a t  i n d u c e  f u r t h e r  p o l y m e r i s a t i o n  
o f  r e l a t i v e l y  low m o l e c u l a r  w e i g h t  fo rm s  i n t o  much h i g h e r  
m o l e c u l a r  w e i g h t  m a t e r i a l s ,  and  r e i n f o r c i n g  f i l l e r s  
t h a t  d r a m a t i c a l l y  i n c r e a s e  t h e  p h y s i c a l  s t r e n g t h  o f  t h e  
e l a s t o m e r .  The g e n e r a l  a d d i t i v e  t y p e s  a r e ;
( i )  C u r a t i v e s : ( " v u l c a n i z i n g  a g e n t s " ) .  M a t e r i a l s  t h a t
c h e m i c a l l y  com bine  w i t h  t h e  e l a s t o m e r  t o  e f f e c t  c r o s s -  
l i n k i n g  b e tw e e n  t h e  m o l e c u l e s  an d  t h u s  i n c r e a s e  m o l e c u l a r  
w e i g h t .  Most c u r a t i v e s  a r e  s u l p h u r  c o n t a i n i n g  com pou n d s .  
However ,  m e t a l  o x i d e s  ( n o t a b l y  z i n c  o x i d e )  a r e  g e n e r a l l y  
em ployed  in  t h e  c u r i n g  o f  n e o p r e n e s .
( i i )  A c c e l e r a t o r s : Compounds u s e d  i n  c o n j u n c t i o n  w i t h
a c u r a t i v e  t o  i n c r e a s e  t h e  r a t e  o f  v u l c a n i z a t i o n .  S uch  
compounds  i n c l u d e  t h i a z o l e s ,  t h i u r a m s  an d  d i t h i o -  
c a r b a m a t e s .
( i i i )  R e i n f o r c i n g  P i g m e n t s ; M a t e r i a l s  s u c h  a s  c a r b o n  
b l a c k  and c e r t a i n  s i l i c a t e s  a r e  a d d e d  t o  t h e  e l a s t o m e r  
i n  o r d e r  t o  i n c r e a s e  p o s t - c u r e  p h y s i c a l  s t r e n g t h  and  
r e s i s t a n c e  t o  e n v i r o n m e n t a l  d e g r a d a t i o n .
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( i v )  'P r o t e c t i v e  A g e n t s ; E l a s t o m e r s  u s e d  i n  m a r i n e  
a n t i f o u l i n g  a p p l i c a t i o n s  w i l l  be  s u b j e c t  t o  e n v i r o n m e n t a l  
d e g r a d a t i o n  a r i s i n g  m a i n l y  f ro m  o x i d a t i o n ,  h y d r o l y s i s  
an d  b i o c h e m i c a l  a t t a c k  b y  b a c t e r i a  an d  f u n g i .  T h u s ,  
c e r t a i n  compounds a r e  a d d e d  t o  e n h a n c e  t h e  s e r v i c e  l i f e  
and  d u r a b i l i t y  o f  t h e  e x p o s e d  m a t e r i a l .
( v )  P r o c e s s i n g  A i d s ; M a t e r i a l s  s u c h  a s  o i l s ,  w a x e s ,  
a n d  f a t t y  a c i d s  a r e  u s e d  a s  i n t e r n a l  l u b r i c a n t s  o r  
d i s p e r s a n t s  t o  im prove  p r o c e s s i n g  q u a l i t i e s .  They f u n c t i o n  
by  p r e v e n t i n g  t h e  r e c o m b i n a t i o n  o f  p o ly m e r  f r a g m e n t s  
d u r i n g  m a s t i c a t i o n ,  and by  a i d i n g  t h e  d i s p e r s a l  o f  
a d d i t i v e s  s u c h  a s  c a r b o n  b l a c k  a n d  t h e  c u r e  s y s t e m .
A com pound ing  f o r m u l a t i o n  f o r  a  t y p i c a l  a n t i f o u l i n g  
e l a s t o m e r  s t u d i e d  i n  t h i s  w ork  i s  g i v e n  i n  T a b l e  3 . 1 .
The i n g r e d i e n t s  w ere  m ixed  t o g e t h e r  u s i n g  a  t w o - r o l l  
r u b b e r  m i l l .  D u r i n g  t h e  m i x i n g  o p e r a t i o n ,  t h e  e l a s t o m e r i c  
m o l e c u l e  was b r o k e n ,  t h r o u g h  s h e e r  f o r c e s ,  i n t o  l o w e r  
m o l e c u l a r  w e i g h t  f r a g m e n t s  and  s o f t e n e d .  T h i s  p r o c e s s  i s  
r e f e r r e d  t o  a s  m a s t i c a t i o n . A d d i t i v e s  w e re  t h e n  
i n c o r p o r a t e d  i n t o  t h e  s o f t e n e d  e l a s t o m e r  w i t h  t h e  
v u l c a n i z i n g  s y s t e m  b e i n g  a d d e d  l a s t . D u r i n g  t h e s e  
o p e r a t i o n s ,  a  s i g n i f i c a n t  t e m p e r a t u r e  r i s e  i n  t h e  mix was  
n o t e d .
C u r i n g  o f  t h e  e l a s t o m e r  was a c c o m p l i s h e d  by h e a t i n g  t h e  
m ixed  s t o c k  i n  a p r e s s  f o r  a b o u t  30 m i n u t e s  a t  1 5 0 °C.
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T a b le  '3 .1  : T y p i c a l  a r i t i f b i l l i n g  e l a s t o m e r  f o r m u la t i o n
A d d i t i v e  ...................... . % • ( w t ) .................  F u n c t i o n  ..................
N e o p r e n e ,  G.W. 5 3 .2 B ase  e l a s t o m e r
P h i l  B l a c k ,  S .R . 31 .9 Carbon  b l a c k  f i l l e r  -  
r e i n f o r c i n g  p ig m e n t
S t e a r i c  A cid 0 .5 P r o c e s s i n g  a i d
Z in c  O x id e 2 .7 C u r a t i v e
O c t a m i n e a 1 .1 A n t i o x i d a n t
TMTDb 0 .5 Cure  a c c e l e r a t o r
M a g l i t e ,  D 2 .1 MgO, c u r e  a g e n t
C i r c o s o l  4 1 0 c 5 .3 P r o c e s s i n g  a i d
O r g a n o t i n ...................... . 2 . 7 . B i o c i d e ..............................
a  O c t y l a t e d  d i p h e n y l a m i n e :
b T e t r a m e t h y l t h i u r a m  d i s u l p h i d e :  ( CEL ) 2NCSSCN(CHo)2
II IIs  s
c A l i g h t  h y d r o c a r b o n  f r a c t i o n
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The n o t i c e a b l e  t e m p e r a t u r e  r i s e  o b s e r v e d  d u r i n g  
c o m p o u n d in g ,  f o l l o w e d  by  t h e  e l e v a t e d  t e m p e r a t u r e  
c u r i n g  p r o c e s s ,  means t h a t  t h e  p o s s i b i l i t y  o f  c h e m i c a l  
c o m b i n a t i o n  b e tw e e n  t h e  b i o c i d e  and  c o a t i n g  i n g r e d i e n t s  
must  be  c o n s i d e r e d .  The r e a c t i o n  b e tw e e n  TBTO an d  
n e o p r e n e  [ p o l y ( 2 - c h l o r o - l , 3 - b u t a d i e n e ) ]  t o  p r o d u c e  c r o s s ­
l i n k s  an d  a c o m p l e t e l y  d i f f e r e n t  o r g a n o t i n  was  m e n t i o n e d  
e a r l i e r  ( S e c t i o n  1 . 6 ) .  A l s o ,  i t  i s  w e l l - k n o w n  t h a t  
o r g a n o t i n  o x i d e s  and h y d r o x i d e s  r e a c t  r e a d i l y  w i t h  
c a r b o x y l i c  a c i d s  t o  p r o d u c e  t h e  c o r r e s p o n d i n g  s t a n n y l  
e s t e r s  [ 1 ] .  C o n s e q u e n t l y ,  t h e  f o r m a t i o n  o f  t r i - n - b u t y l t i n  
s t e a r a t e  (TBTSt)  w i t h i n  t h e  c o a t i n g  m ust  a l s o  be  
c o n s i d e r e d .  T h e r e  a r e  num erous  o t h e r  p o t e n t i a l l y  r e a c t i v e  
s y s t e m s  i n v o l v i n g  t h e r m a l  d e g r a d a t i o n  and  s u b s e q u e n t  
c h e m i c a l  c o m b i n a t i o n ,  and  some o f  t h e s e  a r e  t o  be  
a d d r e s s e d  i n  t h e  f o l l o w i n g  s t u d y .
3.2 T r lbu ty l t ln -con ta in ins  Elastomers
A number  o f  e l a s t o m e r  s a m p l e s ,  o r i g i n a l l y  c o n t a i n i n g  
d i f f e r e n t  t r i - n - b u t y l t i n  com pounds ,  w e re  r e c e i v e d  f r o m  
t h e  A d m i r a l t y  R e s e a r c h  E s ta b l i s h m e n t '* '  ( A . R . E . )  a n d  t h e s e  
a r e  d e s c r i b e d  i n  T a b le  3 . 2 .
3.2.1 Tin-119m Mossbauer Studies
Sam ples  f o r  M o ssb au e r  a n a l y s i s  w e re  o b t a i n e d  by c u t t i n g  
d i s c s  (17 mm d i a m e t e r  x 3 mm d e p t h )  f ro m  t h e  o r i g i n a l  
e l a s t o m e r  s h e e t s  w h ic h  w ere  t h e n  m oun ted  i n  t h e  p r o b e
1 A d m i r a l t y  R e s e a r c h  E s t a b l i s h m e n t ,  H o l t o n  H e a t h ,  P o o l e ,  
D o r s e t ,  BH16 6JU
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T ab le  '3 .2  : A u t h e n t i c  t r i b u t y l i r i - c d n t a i r i i n g  A n t i f o u l i n g
R ubber  (AFR) S am p l e s  o b t a i n e d  f rom  A .R .E .
Sample Code . B i o c i d e .......................
!
. •F o r m u l a .........................
AFR 3127 
AFR 3325
AFR 3326
AFR 3426 
AFR 3428
AFR 3466 
AFR 3 642
TBTO
t r i b u t y l t i n
s t e a r a t e
t r i b u t y l t i n
c a r b o n a t e
t r i b u t y l t i n
p h o s p h a t e
t r i b u t y l t i n
m - h y d r o x y b e n z o a t e
t r i b u t y l t i n
| c h l o r i d e
i! t r i b u t y l t i ni f l u o r i d e
Bu3 SnOSnBu3 
BUoSnOCCCHo)i g CH3
I I  ,0
Buo Sn0C0SnBu3
I I0
(Bu 3 SnO)3PO 
Bu3 SnOC-V V
i i w0 OH 
Bu3SnCl
Bu3 SnF
N o t e ,  a l l  o f  t h e  e l a s t o m e r s  w e re  b a s e d  on t h e  f o r m u l a t i o n  
g i v e n  i n  T a b l e  3 . 1 .
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d e s c r i b e d  i n  S e c t i o n  2 . 5 . 3 .  S p e c t r a  w e re  r e c o r d e d  i n  
c o n s t a n t  a c c e l e r a t i o n  mode a t  80K and  r u n  t i m e s  w ere  
t y p i c a l l y  24 h o u r s  i n  e a c h  c a s e .  The M o ss b a u e r  p a r a m e t e r s  
g i v e n  i n  T a b l e s  3 . 3  and  3 . 5  h a v e  a s s o c i a t e d  e r r o r s  o f  
± 0 .0 2  mm s - 1 ( f o r  p u r e  compounds)  and  ± 0 . 0 5  ( f o r  t h e  
e l a s t o m e r s ) .  T h e se  f i g u r e s  t a k e  i n t o  a c c o u n t  e r r o r s  
a s s o c i a t e d  w i t h  t h e  m e a s u re d  v a l u e s  o f  i s o m e r  s h i f t  ( 6 ) ,  
q u a d r u p o l e  s p l i t t i n g  (AEq ) and  f u l l  w i d t h  a t  h a l f - h e i g h t  
( D .  They o r i g i n a t e  f rom n o n - l i n e a r i t i e s ,  c a l i b r a t i o n  
e r r o r s ,  z e r o - v e l o c i t y  d e t e r m i n a t i o n  and c o m p u te r  f i t t i n g  
e r r o r s .
3.2,2 Results and Discussion of the T r ib u ty l t in  Systems
T a b l e  3 .3  l i s t s  t h e  M o ssb a u e r  p a r a m e t e r s  o b t a i n e d  f o r  
e a c h  e l a s t o m e r  s a m p le  and  t h e  c o r r e s p o n d i n g  p u r e  o r g a n o t i n  
com pounds .  The f o l l o w i n g  k ey  h a s  b e e n  a d o p t e d  f o r  
c o n v e n i e n c e :
A b b r e v i a t i o n  O r g a n o t i n
TBTO b i s ( t r i b u t y l t i n ) o x i d e
TBTC1 t r i b u t y l t i n  c h l o r i d e
TBTCO t r i b u t y l t i n  c a r b o n a t e
TBTSt t r i b u t y l t i n  s t e a r a t e
TBTPO t r i b u t y l t i n  p h o s p h a t e
TBTPh(OH) t r i b u t y l t i n  m - h y d r o x y b e n z o a t e
TBTF t r i b u t y l t i n  f l u o r i d e
R e p r e s e n t a t i v e  M o ssb au e r  s p e c t r a  a r e  shown i n  F i g u r e s  
3 . 1 ( a )  and ( b ) .
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T ab le  '3 .3  ; 119mgn Mossbauer d a ta  f o r  t r i b u t y l t i n
compounds i n  a r i t l f o u l i r i g  e l a s t o m e r s  a t  80K
T o x i c a n t 6 a 
. ( mm s  t 1) . aeq. ( mm•s  r 1 ) . .
r
( mm s ” 1 )
( i )  I n  e l a s t o m e r s :
^ 2.7% w t .
TBTO 1.4 0 2 .8 2 1 .0 9
TBTC1 1 .4 1 2 .7 8 1 .0 5
TBTCO 1 .4 3 2 . 8 4 0 .9 7
TBTSt 1 .4 4 2 .8 2 0 .9 9
TBTPO 1.3 9 2 .8 2 1 .0 8
TBTPh(OH) 1 .39 2 .7 2 0 .9 9
TBTF 1 .4 0 2 .8 3 1 .0 4
( i i )  P u r e  m a t e r i a l s :
TBTO 1 .2 5 1 .5 3 1 .1 1
TBTC1 1 .5 2 3 .4 2 1 .0 6
TBTCOb ( 1 . 3 8 2 .7 0 1 . 0 8 )
( 1 .4 3 3 .7 9 0 . 8 8 )
TBTSt 1 .4 5 3 .6 5 0 .9 5
TBTPOC ( 1 . 3 1 2 .4 0 1 . 0 4 )
( 1 . 3 3 3 .5 3 1 . 0 4 )
TBTPh(OH) 1 .4 3 3 .1 8 1 .1 2
TBTF . 1 .4 0 3 .8 2 1 .0 5
E r r o r s ;  ± 0 .0 2  mm s -1 f o r  n e a t  com pounds ,  ± 0 .0 5  mm s ” 1 
f o r  t h e  e l a s t o m e r  s a m p l e s
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N o te s  on T a b le  3 . 3 :
a  I s o m e r  s h i f t s  w ere  m e a s u re d  r e l a t i v e  t o  BaSn03 .
b D a ta  w ere  c o m p u te r  m o d e l l e d  a s  2 - u n r e s o l v e d  d o u b l e t s  
c o n s i s t e n t  w i t h  the p r e s e n c e  o f  b o t h  4 -  an d  5 -  
c o o r d i n a t e  t i n  s i t e s  i n  t h i s  m o l e c u l e  [ 2 ] .
c D a ta  f i t t e d  a s  2 - u n r e s o l v e d  d o u b l e t s  i n  a c c o r d a n c e  
w i t h  t h e  f i n d i n g s  o f  B lu n d e n  e t  a l  [3]  who s u g g e s t  
an a u t o - a s s o c i a t e d  s t r u c t u r e  o f  t h e  t y p e :
Bu
Sn/
Bu Bu
BUgSnO . %tOSnBu3_ „ ^ - N 0  _
— x
I t  i s  c l e a r  f ro m  t h e  r e s u l t s  i n  T a b l e  3 . 3  t h a t  a l l  s e v e n  
t r i b u t y l t i n s  h a v e  s u f f e r e d  e x t e n s i v e  s t r u c t u r a l  
m o d i f i c a t i o n  upon  i n c o r p o r a t i o n  i n t o  t h e  c o a t i n g  m a t r i x .  
The s i m i l a r i t y  o f  r e s u l t s  f o r  t h e  e l a s t o m e r  s a m p l e s ,  
f u r t h e r  s u g g e s t s  t h a t  e a c h  o r g a n o t i n  h a s  b e e n  c o n v e r t e d  
t o  t h e  same s p e c i e s  d u r i n g  t h e  c o m p o u n d i n g / c u r i n g  
p r o c e s s e s .
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CD
Ci_
OHCDO')02 ( a )
V E L O C I T Y  ( M M / S E C )
D-
OHO02CD<
( b )
5 - 0  - 4 . 0  - 3 . 0  - 2 . 0  - 1 . 0  0 . 0  1 . 0  2 . 0  3 . 0  ^ . 0  5 - 0V E L O C I T Y  ( M M / S E C )
F i g u r e s  3 . 1 ( a )  and ( b )  : M o ssb a u e r  a b s o r p t i o n  s p e c t r a
o f  ( a )  n e a t  TBTO and ( b )  TBTO ( 2 . 6  % w/w) i n  an 
e l a s t o m e r i c  c o a t i n g  m a t r i x .
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The i d e n t i t y  o f  t h i s  common b y - p r o d u c t  was e s t a b l i s h e d  
by t h e  119Sn n u c l e a r  m a g n e t i c  r e s o n a n c e  (NMR) s p e c t r o ­
s c o p i c  a n a l y s i s  o f  r e s i d u e s  e x t r a c t e d  f ro m  e a c h  
e l a s t o m e r  s a m p l e .  The s a m p l e s  (5 -  7g) w e re  s u b j e c t e d  
t o  S o x h l e t  e x t r a c t i o n  w i t h  d i c h l o r o m e t h a n e  ( b . p t  4 0 °C) 
f o r  a  p e r i o d  o f  two d a y s .  A f t e r  e v a p o r a t i o n  o f  t h e  
e x t r a c t s ,  t h e  r e s i d u e s  w ere  r e - d i s s o l v e d  i n  d e u t e r i o -  
c h l o r o f o r m  (CDC13 ) and t h e  119Sn NMR s p e c t r a  r e c o r d e d .  
C h em ica l  s h i f t  d a t a  ( 6 119Sn) r e l a t i v e  t o  t e t r a m e t h y l t i n  
(Mei*Sn) a r e  g i v e n  i n  T a b l e  3 . 4  an d  a  t y p i c a l ,  f u l l y  
d e c o u p l e d ,  119Sn NMR s p e c t r u m  f o r  a  TBTO c o n t a i n i n g  
e l a s t o m e r  r e s i d u e ,  i s  shown i n  F i g u r e  3 . 2 .
The m a jo r  r e s o n a n c e  i n  m os t  o f  t h e  s p e c t r a  was  o b s e r v e d  
a t  a b o u t  + 155 ppm and  i s  a s s o c i a t e d  w i t h  t h e  e x t r a c t i o n  
o f  t r i b u t y l t i n  c h l o r i d e  (6 = + 1 5 5 .7  ppm) f ro m  t h e  
e l a s t o m e r s .  T h e r e  a r e ,  h o w e v e r ,  a t  l e a s t  two o t h e r  
t i n  s p e c i e s  i n  t h e  r e s i d u e s  e x t r a c t e d  f ro m  a l l  b u t  two 
o f  t h e  e l a s t o m e r  s a m p l e s  (A FR 's  3426 an d  3 4 2 8 ) .  On t h e  
b a s i s  o f  t h e  p u r e  compound d a t a  g i v e n  i n  T a b l e  3 . 4 ,  t h e  
p e a k  a t  c a  98 ppm i n  t h e  e l a s t o m e r  r e s i d u e s  was 
a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  TBTSt fo rm e d  by  t h e  
c o m b i n a t i o n  o f  t r i b u t y l t i n  m o i e t i e s  w i t h  t h e  s t e a r i c  
a c i d  p r o c e s s i n g  a i d  ( T a b l e  3 . 1 ) .  The r e m a i n i n g  h i g h -  
f i e l d  p e a k  a t  -  1 6 4 .2  t o  -  1 6 5 .2  ppm was i n i t i a l l y  
t h o u g h t  t o  o r i g i n a t e  f ro m  t h e  p r e s e n c e  o f  s t a n n i c  
c h l o r i d e  ( 6 ( 119S n ) ,  -  149 ppm [ 4 ] )  fo rm e d  by  t h e  
d e g r a d a t i o n  o f  t h e  o r i g i n a l  t r i o r g a n o t i n  d u r i n g  t h e
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'.Table '  3 . 4  119Sri 'NMR s p e f d t r d s c d p i C  d a t a  fox* t r i b u t y l t i n s
e x t r a c t e d  f ro m  m a r i n e  a p t  i f  dufHrig r u b b e r s
T o x i c a n t 6 ( 119Sn) i n  e l a s t o m e r  . . ( + . 0 . 1  p p m ) . .
d ( l l 9 Sn)  p u r e  
. compound . ( ± 0 . 1  ppm)
TBTO -  1 6 5 .2 9 2 .89 7 .7
15 4 .7
TBTC1 -  1 64 .2 1 5 5 ,7
9 8 .1
1 5 5 .4
TBTCO -  1 6 4 .6 1 0 4 .99 8 . 4
1 5 4 .9
TBTSt -  16 4 .6 1 0 2 .7
9 7 .1
15 4 .6
TBTPOb 1 5 4 .9 - 2 7 0 . 4
1 0 0 .6
TBTPh(OH) 1 5 4 .9 1 1 9 .2
TBTFC -  1 6 4 .2
9 7 .9
15 5 .2
a  D a t a  o b t a i n e d  u s i n g  an  8 0 .1 3  MHz B r u k e r  WP80SY FT NMR 
an d  a  100 .6  MHz B r u k e r  WH400 FT NMR s p e c t r o m e t e r .
b Two r e s o n a n c e s  c o r r e s p o n d  t o  t h e  4 - ( 1 0 0 .6  ppm) an d  
5 - c o o r d i n a t e  t i n  s i t e s  ( -  2 7 0 . 4  ppm).
c T h i s  p o l y m e r i c  m a t e r i a l  was i n s u f f i c i e n t l y  s o l u b l e  
i n  any  common o r g a n i c  s o l v e n t  t o  y i e l d  a  u s e f u l  NMR 
s p e c t r u m .
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F i g u r e  3 . 2  : 119Sn NMR s p e c t r u m  o f  r e s i d u e  o b t a i n e d  f ro m
TBTO c o n t a i n i n g  e l a s t o m e r
e l a s t o m e r  c o m p o u n d i n g / c u r i n g  p r o c e s s e s .  H ow ever ,  g a s -  
c h r o m a t o g r a p h i c  a n a l y s i s  o f  t h e  S o x h l e t - e x t r a c t s ,  a f t e r  
t r e a t m e n t  w i t h  n - p r o p y l  m agnes ium  c h l o r i d e ,  r e v e a l e d  
t h e  p r e s e n c e  o f  s m a l l  q u a n t i t i e s  o f  d i b u t y l t i n  s p e c i e s  
a s  t h e  o n l y  d e a l k y l a t i o n  p r o d u c t s  i n  t h e  e l a s t o m e r s .  
T y p i c a l  o f  t h e  o r g a n o t i n s  t h a t  r e s o n a t e  i n  t h i s  r e g i o n  
o f  t h e  119Sn NMR s p e c t r u m  a r e  t h e  d i b u t y l t i n  a l k o x i d e s  
[ 5 ] ,  1 , 3 - d i s u b s t i t u t e d  d i s t a n n o x a n e s  [(XBu2 S n ) 20 ]  [6 ]  
and  d i o r g a n o t i n  c a r b o x y l a t e s  [ 7 ] ,  The f o r m a t i o n  o f  
d i b u t y l t i n  a l k o x i d e s  d u r i n g  t h e  t i l e  f a b r i c a t i o n  
p r o c e d u r e s  was r u l e d  o u t  i n  v ie w  o f  t h e  l a c k  o f  
a p p r o p r i a t e  a l k o x y  r a d i c a l s  i n  t h e  e l a s t o m e r  m a t r i x .  
S i m i l a r l y ,  d i a l k y l - d i s t a n n o x a n e  d e r i v a t i v e s ,  w h ic h  a r e  
r e c o g n i s e d  a s  t h e  f i r s t  s t a b l e  p r o d u c t s  o f  t h e  h y d r o l y s i s  
o f  d i a l k y l t i n ( I V )  compounds [ 8 ] ,  w e re  a l s o  d i s r e g a r d e d  
s i n c e  t h e  r e q u i r e d  h y d r o l y t i c  r e a c t i o n  m ech an ism s  
w e re  u n l i k e l y  t o  o p e r a t e  u n d e r  t h e  e l a s t o m e r  com p o un d in g  
an d  c u r i n g  p r o c e s s e s .  T h u s ,  c o n s i d e r i n g  t h e  e a s e  w i t h  
w h ic h  d i o r g a n o t i n  o x i d e s  an d  h a l i d e s  r e a c t  w i t h  
c a r b o x y l i c  a c i d s  and  m e t a l  c a r b o x y l a t e s  ( e g  z i n c  s t e a r a t e )  
r e s p e c t i v e l y  [ 9 ] ,  t h e  f o r m a t i o n  o f  d i b u t y l t i n  b i s ( s t e a r a t e ) 
w i t h i n  t h e  e l a s t o m e r  was t h o u g h t  t o  a c c o u n t  f o r  t h e  
119Sn NMR p e a k  a t  -165  ppm i n  t h e  e l a s t o m e r  e x t r a c t s .
An a u t h e n t i c  s a m p le  o f  d i b u t y l t i n  b i s ( s t e a r a t e )  was 
p r e p a r e d  by h e a t i n g  d i b u t y l t i n  o x i d e  and  s t e a r i c  a c i d  
i n  r e f l u x i n g  t o l u e n e  w i t h  t h e  r e m o v a l  o f  w a t e r  i n  a 
D e a n - S t a r k  t r a p .  The r e s u l t i n g  waxy p r o d u c t  showed a l l  
t h e  s p e c t r o s c o p i c  c h a r a c t e r i s t i c s  o f  a  f i v e  o r  s i x
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c o o r d i n a t e  o r g a n o t i n  compound i n  b o t h  t h e  s o l i d  s t a t e
and  S ( 119Sn) = -  1 4 8 .1  ppm. A l s o ,  t h e  p r e s e n c e  o f  
a n t i s y m m e t r i c  an d  s y m m e t r i c  0C0 i n f r a r e d  s t r e t c h i n g  
modes a t  1589 cm” 1 and  1390 cm-1 r e s p e c t i v e l y ,  a l o n g  
w i t h  t h e  SnC modes a t  598 cm” 1 (v _ _ )  and  515 cm” 1 ( v s ) ,cLS  °
i n d i c a t e  t h a t  t h i s  m o l e c u l e  p r o b a b l y  e x i s t s  a s  a 
c o o r d i n a t e d  p o ly m e r  i n  t h e  s o l i d - s t a t e  i n  w h ic h  t h e  
SnC2 m o i e t y  i s  n o n - p l a n a r  [ 1 0 ] .  The h i g h  s o l u b i l i t y  
o f  t h i s  m a t e r i a l  i n  a n o n - p o l a r  s o l v e n t  ( h e x a n e ,  
c h l o r o f o r m )  and  t h e  o b s e r v e d  h i g h - f i e l d  119Sn NMR 
r e s o n a n c e ,  h o w e v e r ,  i n d i c a t e s  t h a t  t h e  p o l y m e r i c  s t r u c t u r e  
b r e a k s  down i n  s o l u t i o n  t o  y i e l d  b i s - c h e l a t e d  d i m e r s  [ 1 0 ] .  
R e p r e s e n t a t i v e  s t r u c t u r e s  f o r  t h e  s o l i d  and s o l u t i o n  
p h a s e s  a r e  shown i n  F i g u r e  3 . 3 .
( a )  S o l i d
an d  i n  s o l u t i o n ;  6 = 1 .4 2  mm s ' " 1 . AE.'Q 3 .4 5  mm s ” 1
Bu Bu
\ 0 —  Sn < r- 0 O Sn <— O 0
Bu 0 Bu 0
6 = 1 . 4 2  mm s ” 1
= 3 .4 5  mm s  1
v (OCO) = 1 5 8 9  cm” 1 a s
v (OCO) = 1 3 9 0  cm "1 s
v (SnC) = 598 cm-1 a s
v ( SnC) = 5 1 5  cm "1 s
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( b )  S o l u t i o n
Bu
' /  ° \CH3 (CH2 ) i 6C Sn .C(CH2 ) 16CH,
\  /  l \0  0
Bu
6( 119 S n ) = -  1 4 8 .1  ppm
The d i s c r e p a n c y  o f  17 ppm b e t w e e n  d i b u t y l t i n  b i s  
s t e a r a t e  a s  a  p u r e  compound i n  d e u t e r i o c h l o r o f o r m  
s o l u t i o n  and  a s  com ponen t  o f  an e l a s t o m e r  e x t r a c t ,  may 
a r i s e  f ro m  a f u r t h e r  c o o r d i n a t i v e  i n t e r a c t i o n  b e tw e e n  
t h e  d i - e s t e r  and a  c o - e x t r a c t e d  m o i e t y  t h a t  r e s u l t s  
i n  s u b s t a n t i a l  s h i e l d i n g  o f  t h e  t i n  n u c l e u s .  O t h e r  
p o t e n t i a l  l i g a n d s  i n  t h e  e l a s t o m e r  m a t r i x  i n c l u d e  t h e  
d i p h e n y l a t e d  am ine  a n t i o x i d a n t  ( T a b l e  3 . 1 ) ,  
t e t r a m e t h y l t h i u r a m  d i s u l p h i d e  and  i t s  t h e r m a l  d e g r a d a t i o n  
p r o d u c t s  ( e g ,  t e t r a m e t h y l t h i o u r e a ) ,  and  c h l o r i d e  i o n s  
f ro m  t h e  t h e r m a l l y  i n d u c e d  d e h y d r o c h l o r i n a t i o n  o f  
t h e  b a s e  p o l y m e r .
I t  i s  w e l l -k n o w n  t h a t  a w id e  v a r i e t y  o f  o r g a n o t i n  
d e r i v a t i v e s  w i l l  r e a c t  w i t h  h a l o g e n  a c i d  (HX) t o  p r o d u c e  
t h e  c o r r e s p o n d i n g  o r g a n o t i n  h a l i d e s  [ 1 1 ] .  In  p a r t i c u l a r ,  
t h e  f a c i l e  c o n v e r s i o n  o f  TBTO t o  TBTC1 was d e m o n s t r a t e d  
i n  t h e  l a b o r a t o r y  by a d d i n g  t h e  d i s t a n n o x a n e  t o  a  d i l u t e  
( c a  2 mol dm- 3 ) s o l u t i o n  o f  h y d r o c h l o r i c  a c i d .  The 
e v o l u t i o n  o f  h y d ro g e n  c h l o r i d e  w i t h i n  n e o p r e n e - b a s e d  
e l a s t o m e r s  h a s  b e e n  n o t e d  by s e v e r a l  w o r k e r s  [ 1 2 - 1 5 ]  an d
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i s  t h o u g h t  t o  a r i s e  f rom  two d i s t i n c t  p r o c e s s e s :  i e
t h e r m a l  d e h y d r o c h l o r i n a t i o n  o f  t h e  b a s e  p o ly m e r  
l e a d i n g  t o  c o n j u g a t i o n  w i t h i n  t h e  c h l o r o p r e n e  c h a i n s ,  
and  a s  a  b y - p r o d u c t  o f  t h e  c r o s s - l i n k i n g  r e a c t i o n .  
A l t h o u g h  t h e  f o r m a t i o n  o f  t r i b u t y l t i n  c h l o r i d e  w i t h i n  
t h e  e l a s t o m e r  can  be  p o s t u l a t e d ,  i t  i s  c l e a r  f ro m  t h e  
M o ss b a u e r  d a t a  p r e s e n t e d  i n  T a b l e  3 . 3  t h a t  t h e  s i m p l e  
c o n v e r s i o n  o f  one o r g a n o t i n  i n t o  a  p r e d o m i n a n t  b y ­
p r o d u c t  h a s  n o t  b e e n  o b s e r v e d .  T h e r e  i s  a  d i s c r e p a n c y  
i n  t h e  q u a d r u p o l e  s p l i t t i n g  o f  t r i b u t y l t i n  c h l o r i d e  i n  
t h e  n e a t  ( 3 . 4 2  mm s ” 1 ) and  e l a s t o m e r - d i s p e r s e d  
( 2 . 7 8  mm s*"1 ) s t a t e s ,  w h ic h  can  o n l y  be  i n t e r p r e t e d  
i n  t e r m s  o f  a d d i t i o n a l  b o n d i n g  i n t e r a c t i o n s  t h a t  r e s u l t  
i n  s i g n i f i c a n t  m o d i f i c a t i o n s  o f  c h a r g e  symmetry  a b o u t  
t h e  t i n  n u c l e u s .  The n a t u r e  o f  t h e s e  a d d i t i o n a l  
i n t e r a c t i o n s  was  i n v e s t i g a t e d  f u r t h e r  i n  t h e  f o l l o w i n g  
e x p e r i m e n t s .
3.2.3 Studies into the Fate of T r ibu ty l t in  Blocides dispersed 
in Neoprene
A s e r i e s  o f  n e o p r e n e  f i l m s  c o n t a i n i n g  TBTO, TBTCO,
TBTC1, TBTSt and  b i s ( t r i - n - b u t y l t i n ) s u l p h i d e  ( TBTS) 
a t  2.5% w t , w e re  p r e p a r e d  by d i s s o l v i n g  4 g o f  u n c u r e d  
n e o p r e n e  i n  100 cm3 o f  d i c h l o r o m e t h a n e  and  t h e n  a d d i n g  
t h e  o r g a n o t i n  a s  a s o l u t i o n  i n  d i c h l o r o m e t h a n e .  The 
m i x t u r e s  w e re  s t i r r e d  f o r  a p p r o x i m a t e l y  two h o u r s  a f t e r  
w h ic h  t i m e  t h e y  w ere  c a s t  i n t o  d i s h e s  t o  y i e l d  an 
e l a s t o m e r i c  f i l m  by s o l v e n t  e v a p o r a t i o n .  M o ss b a u e r  
a n a l y s e s  o f  t h e  f i l m s  w e re  p e r f o r m e d  a t  80K and  t h e
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r e s u l t s  a r e  shown i n  T a b l e  3 . 5 .
T a b l e  3 .5  119mSri M o ssb a u e r  d a t a  f o r  t r i b u t y l t i n  compounds 
d i s p e r s e d  in  ' s o l v e n t  c a s t  n e o p r e n e  f i l m s  a t  
2 ,5%  wt
O r g a n o t i n  . .  . .
6
. . ( mm s T 1 ) .  . .
AEq
. . (mm s ^ 1 ) .  .
r
(mm. s _ 1 )
TBTO 1.46 2 .9 5 1 .0 0
TBTCO 1.40 2 . 7 0 1 .0 1
TBTC1 1 .4 4 2 .9 6 1 .0 2
TBTSt 1 .40 2 . 7 9 0 .9 9
TBTSa 1 .42 2 . 5 1 1 .2 1
a The M o ssb a u e r  p a r a m e t e r s  f o r  n e a t  TBTS a r e  
6 = 1 .4 0  mm s -1 and  AEq = 1 .6 2  mm s - 1 .
The e r r o r  a s s o c i a t e d  w i t h  t h e s e  m e a s u r e m e n t s  i s  
± 0 .0 5  mm s -1
I t  i s  c l e a r  f ro m  t h e  r e s u l t s  i n  T a b l e  3 . 5  t h a t  e v e n  u n d e r  
t h e  r e l a t i v e l y  m i l d  c o n d i t i o n s  em ployed  i n  t h i s  e x p e r i m e n t ,  
s t r u c t u r a l  c h a n g e s  a r e  o b s e r v e d  i n  a l l  o f  t h e  b i o c i d e s  
( s e e  T a b l e  3 .3  f o r  p u r e  compound d a t a ) .
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The o r i g i n  o f  t h e s e  s t r u c t u r a l  c h a n g e s  was i n v e s t i g a t e d  
f u r t h e r  by e x a m i n i n g  t h e  p o s s i b i l i t y  o f  c o n c e n t r a t i o n  
d e p e n d e n c e  o f  t h e  M o ssb a u e r  p a r a m e t e r s .  B r o o k s  e t  a l  [1 6 ]  
n o t e d  t h a t  when d i b u t y l t i n  d i c h l o r i d e  was d i s p e r s e d  i n  a 
PVC m a t r i x ,  t h e  Q u a d r u p o le  S p l i t t i n g  p a r a m e t e r  was  r e d u c e d  
f ro m  3 .4 5  mm s _1 f o r  t h e  p u r e  compound t o  3 . 0 9  mm s - 1 when 
i n c o r p o r a t e d  i n  PVC a t  1.2% w/w. They a t t r i b u t e d  t h i s
r e d u c t i o n  t o  t h e  b reakdow n  o f  an a s s o c i a t e d  s i x*
c o o r d i n a t e  s t r u c t u r e  and  t h e  p r o g r e s s i v e  f o r m a t i o n  o f  
d i m e r i c  u n i t s  i n v o l v i n g  f i v e - c o o r d i n a t e  t i n .  P a r t i a l  
q u a d r u p o l e  s p l i t t i n g  c a l c u l a t i o n s  s u p p o r t e d  t h e i r  
c o n c l u s i o n s .
In  t h i s  w ork ,  a  s i m i l a r  s t u d y  was made o f  TBTC1 
d i s p e r s e d  i n  a  n o n - c o o r d i n a t i n g  s o l v e n t  ( n - h e x a n e )  o v e r  
t h e  c o n c e n t r a t i o n  r a n g e  0 .1 9  -  3 .0 0  mol dm-3 TBTC1.
The M o ssb a u e r  p a r a m e t e r s  w ere  f o u n d  t o  be  i n s e n s i t i v e  t o  
c o n c e n t r a t i o n  i n  t h i s  medium a n d  w ere  i d e n t i c a l ,  w i t h i n  
t h e  e x p e r i m e n t a l  e r r o r  o f  ± 0 .0 5  mm s - 1 , t o  t h o s e  
o b t a i n e d  f o r  n e a t  TBTC1, v i z ;  6 0 1 .5 2  mm s - 1 ,
AEq = 3 .4 2  mm s _ 1 . I t  i s  a p p a r e n t ,  t h e r e f o r e ,  t h a t  a t  t h e  
e x p e r i m e n t a l  t e m p e r a t u r e  o f  80K t h e  5 - c o o r d i n a t e d  c h l o r i n e  
b r i d g e d  s t r u c t u r e  p r o p o s e d  f o r  t h i s  m o l e c u l e  [17]  i s  
r e t a i n e d  t h r o u g h o u t  t h e  c o n c e n t r a t i o n  r a n g e  s t u d i e d .
T h i s  c o u l d  im p ly  t h a t  t h e  Sn Cl b r i d g i n g  b o n d s  h a v e
s u f f i c i e n t  e n e r g y  t o  r e s i s t  b r e a k i n g  due t o  s o l v a t i o n  by  
n - h e x a n e ,  o r ,  more l i k e l y ,  a s  e a c h  s o l u t i o n  was q u e n c h -  
c o o l e d  by d i r e c t  im m e rs io n  i n  l i q u i d  n i t r o g e n ,  p h a s e  
s e p a r a t i o n  b e tw e e n  s o l v e n t  and  s o l u t e  o c c u r r e d  l e a d i n g  t o
-  94 -
l o c a l i s e d  c o n c e n t r a t i o n  o f  e s s e n t i a l l y  n e a t  TBTC1. A 
s i m i l a r  i n s e n s i t i v i t y  o f  M o ss b a u e r  p a r a m e t e r s  t o w a r d s  
c o n c e n t r a t i o n  was o b s e r v e d  i n  d i c h l o r o m e t h a n e  i n t o  w h ic h  
TBTC1 had  b e e n  d i s p e r s e d  a t  5% by  w e i g h t .  I n  v ie w  o f  
t h e s e  o b s e r v a t i o n s ,  i t  i s  s u g g e s t e d  t h a t  t h e  o b s e r v e d  
r e d u c t i o n  i n  q u a d r u p o l e  s p l i t t i n g  f o r  TBTC1 d i s p e r s e d  i n  
t h e  a u t h e n t i c  c o a t i n g  m a t r i x  and  in  t h e  s i m p l e  n e o p r e n e  
s y s t e m ,  i s  n o t  m e r e l y  t h e  r e s u l t  o f  a  d i l u t i o n  e f f e c t  
on t h e  o r g a n o t i n ,  b u t  p o s s i b l y  r e s u l t s  f rom  a  c o o r d i n a t i v e  
i n t e r a c t i o n  w i t h  t h e  b a s e  p o l y m e r .  I n  t h e  a u t h e n t i c  
c o a t i n g ,  o t h e r  f a c t o r s  hav e  r e d u c e d  t h e  q u a d r u p o l e  s p l i t t i n g  
p a r a m e t e r  s t i l l  f u r t h e r .
3.2 .4  An Investigation  into the Effects  of Carbon Black on the 
Mossbauer Parameters of Organotins
The c a r b o n  b l a c k ,  a d d e d  a s  a  r e i n f o r c i n g  p i g m e n t  t o  t h e  
a n t i f o u l i n g  c o a t i n g s ,  c o n t r i b u t e s  s u b s t a n t i a l l y  t o  t h e  
mass  o f  t h e s e  m a t e r i a l s  32% w t ) .  I t  i s  p r o d u c e d  by  t h e  
p a r t i a l  c o m b u s t i o n  o f  o i l  and  c o a l  t a r  and  c o n s i s t s  o f  
a g g r e g a t e d  s p h e r e s  (mean p a r t i c l e  s i z e ;  60 nm) o f  
p a r t l y  g r a p h i t i c  e l e m e n t a l  c a r b o n .  The o t h e r  m a j o r  
c o n s t i t u e n t s  a r e  oxygen  and  h y d r o g e n  w h ic h  a r e  p r e s e n t  a s  
c h e m i c a l l y  b o u n d  f u n c t i o n a l  g r o u p s  ( p h e n o l i c ,  k e t o n i c  
and  c a r b o x y l i c )  on t h e  s u r f a c e s  o f  i n d i v i d u a l  p a r t i c l e s  [ 1 8 ] .
The s u r f a c e  a c t i v i t y  t h a t  r e s u l t s  f rom  t h e s e  f u n c t i o n a l  
g r o u p s  i s  known t o  a f f e c t  c u r e  and  d e g r a d a t i o n  r a t e s  o f  
p o ly m e r  s y s t e m s  [ 1 8 ,1 9 ]  and  o t h e r  f a c t o r s ,  s u c h  a s  p a r t i c l e  
s i z e ,  s t r o n g l y  i n f l u e n c e  t h e  r e l e a s e  r a t e s  o f  o r g a n o t i n s
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f ro m  e l a s t o m e r  m a t r i c e s  [ 2 0 ] .  I n  v ie w  o f  t h i s  a p p a r e n t  
r e a c t i v i t y ,  t h e  f o l l o w i n g  e x p e r i m e n t  was u n d e r t a k e n  in  
o r d e r  t o  a s s e s s  t h e  i n f l u e n c e  o f  c a r b o n  b l a c k  on t h e  
M o ss b a u e r  p a r a m e t e r s  o f  s e v e r a l  b i o a c t i v e  t r i - n - b u t y l -  
and  t r i p h e n y l t i n  d e r i v a t i v e s .  The o r g a n o t i n s  w ere  a d d e d
■fT;a t  10% by  w e i g h t  t o  t h e  c a r b o n  b l a c k  ( P h i l  b l a c k  A ~ )
w h ic h  was s u s p e n d e d  in  c a r b o n  t e t r a c h l o r i d e .  The 
m a t e r i a l s  were  t h e n  r e f l u x e d ,  u n d e r  n i t r o g e n ,  f o r  a b o u t  
t h i r t y  m i n u t e s  a f t e r  w h ic h  t h e  s o l v e n t  was rem oved  by 
e v a p o r a t i o n  u n d e r  r e d u c e d  p r e s s u r e .  M o ssb au e r  s p e c t r a  
w e re  r e c o r d e d  f o r  e a c h  s a m p le  a t  80K and  i n  some c a s e s  
t h e  b r o a d  e x p e r i m e n t a l  l i n e  w i d t h s  an d  d i s t o r t e d  l i n e  
s h a p e s  j u s t i f i e d  m o d e l l i n g  t h e  d a t a  a s  a  c o m p o s i t e  o f  
u n r e s o l v e d  q u a d r u p o l e  d o u b l e t s .
In  t h i s  p r o c e d u r e ,  a  f i t t i n g  m a t r i x  was c o n s t r u c t e d  w h ic h  
e n a b l e d  MOSFIT t o  model s e v e r a l  t h e o r e t i c a l  q u a d r u p o l e  
d o u b l e t s  ( L o r e n t z i a n  l i n e  f u n c t i o n s )  t o  one d a t a  s e t .
The f i t t i n g  m a t r i x  r e q u i r e d  a  s e t  o f  s t a r t i n g  p a r a m e t e r s  
( i n  number  o f  c h a n n e l s )  f o r  e a c h  p r o p o s e d  d o u b l e t  i n  
t e r m s  o f ;  i s o m e r  s h i f t ,  h a l f - s p l i t t i n g  and f u l l  w i d t h  
a t  h a l f -m a x im u m .  Each d o u b l e t  was t h e n  f i t t e d  
i n d e p e n d e n t l y  by  v a r y i n g  t h e  s t a r t i n g  p a r a m e t e r s  t o  
a c h i e v e  t h e  minimum o v e r a l l  x 2 v a l u e .
The r e s u l t  o f  t h i s  f i t t i n g  p r o c e s s  was t o  p r o d u c e  a  
c o m p o s i t e  o f  t h e o r e t i c a l  l i n e s  w h ic h  r e p r e s e n t e d  an  
im provem ent  i n  t h e  q u a l i t y  o f  c o m p u t e r  f i t  f o r  t h e  com plex  
d a t a  o b t a i n e d  in  t h e  o r g a n o t i n - P h i l b l a c k  M o ssb au e r
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e x p e r i m e n t s .  In  p a r t i c u l a r ,  t h e  e f f e c t  o f  m o d e l l i n g  
o n e ,  two and t h r e e  u n r e s o l v e d  q u a d r u p o l e  d o u b l e t s  t o  t h e  
raw  T B T O - P h i lb l a c k  d a t a  ca n  be  a p p r e c i a t e d  f ro m  
F i g u r e s  3 . 4 ( a )  t o  ( c )  i n  w h ic h  a  r e d u c t i o n  o f  X2 i s  
o b s e r v e d  a s  more l i n e s  a r e  a c c o m m o d a ted .  D a t a  w h ic h  ha v e  
b e e n  p r o c e s s e d  i n  t h i s  way f o r  t h e  r e m a i n i n g  s y s t e m s  
y i e l d  t h e  M o ssb au e r  p a r a m e t e r s  w h ic h  a r e  b r a c k e t e d  
t o g e t h e r  i n  T a b l e  3 . 6 ( a ) .
A l l  i s o m e r  s h i f t s  w ere  m e a s u re d  r e l a t i v e  t o  b a r i u m  
s t a n n a t e  w i t h  t h e  a b s o r b e r  a t  80K. The t r i p h e n y l t i n  
d e r i v a t i v e s  t h a t  w ere  s t u d i e d  i n c l u d e d  t r i p h e n y l t i n  
f l u o r i d e  (TPTF) ,  t r i p h e n y l t i n  c h l o r i d e  (TPTC1),  
t r i p h e n y l t i n  a c e t a t e  (TPTAc) a n d  t r i p h e n y l t i n  h y d r o x i d e  
(TPTOH). The i n d i v i d u a l  e x p e r i m e n t a l  l i n e  w i d t h s ,
Ti f o r  t h e  low v e l o c i t y  l i n e  an d  r 2 f o r  t h e  h i g h  v e l o c i t y  
l i n e ,  a r e  g i v e n  i n  o r d e r  t o  i l l u s t r a t e  t h e  a p p r e c i a b l e  
l i n e - s h a p e  asymmetry i n  p a r t i c u l a r  c a s e s .
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The r e s u l t s  i n  T a b l e s  3 . 6 ( a )  a n d  ( b )  c l e a r l y  i n d i c a t e  
t h a t  d i s p e r s i o n  i n t o  c a r b o n  b l a c k  h a s  a  m arked  e f f e c t  
on t h e  M o ssb a u e r  p a r a m e t e r s  o f  m o s t  o f  t h e  o r g a n o t i n s  
s t u d i e d .  N o t a b l e  e x c e p t i o n s  a r e  TBTF and  t h e  m a j o r i t y  
o f  t h e  t r i p h e n y l t i n  d e r i v a t i v e s .  I t  i s  t h o u g h t  t h a t  
t h e s e  e f f e c t s  a r i s e  f rom  t h e  i n i t i a l  a d s o r p t i o n  o f  t h e  
o r g a n o t i n  o n t o  t h e  c a r b o n  b l a c k  p a r t i c l e s  f o l l o w e d  by  
c h e m i c a l  r e a c t i o n s  w i t h  t h e  s u r f a c e  a c t i v e  g r o u p s  w h ic h  
h a v e  b e e n  i d e n t i f i e d  ( t h e s e  a l s o  i n c l u d e  q u i n o n e  and  
f r e e - r a d i c a l  s p e c i e s  [ 1 9 ] ) .  R e a c t i o n s  i n v o l v i n g  TBTO,
TBTCO an d  TBTS, a p p e a r  t o  h a v e  r e s u l t e d  i n  t h e  f o r m a t i o n  
o f  two o r  more d i s t i n c t  c o m pounds ,  o r  t h e  f o r m a t i o n  o f  
s i n g l e  compounds  i n  w h ich  t h e r e  e x i s t  d i f f e r e n t  t i n  s i t e  
g e o m e t r i e s .  The r e s i s t a n c e  shown by t h e  t r i p h e n y l t i n  
compounds t o w a r d s  s u c h  r e a c t i o n s  c o u l d  im p ly  t h a t  s t e r i c  
f a c t o r s  p l a y  an  i m p o r t a n t  r o l e  i n  t h e  m ech an ism s  i n v o l v e d .  
The a n o m a lo u s  b e h a v i o u r  e x h i b i t e d  by  TPTOK may h a v e  
r e s u l t e d  f rom  i t s  d e h y d r a t i o n  d u r i n g  t h e  d i s p e r s i o n  
p r o c e s s  t o  p r o d u c e  b i s ( t r i p h e n y l t i n ) o x i d e  (6 = 1 .1 3  mm s ” 1 , 
AEq = 1 .4 2  mm s ” 1 ) .
The p o s s i b i l i t y  o f  i n t e r c a l a t i o n ,  i n  w h ic h  an o r g a n o t i n  
m o i e t y  i s  accommodated  b e tw e e n  t h e  t w o - d i m e n s i o n a l  
c r y s t a l l i n e  p l a n e s  o f  g r a p h i t i c  c a r b o n ,  was a l s o  
c o n s i d e r e d  a s  an  a d d i t i o n a l  i n t e r a c t i o n  m echan ism  t o  t h e  
s u r f a c e  p r o c e s s e s .  The p h o t o c h e m i c a l l y  i n d u c e d  i n t e r ­
c a l a t i o n  o f  s t a n n i c  c h l o r i d e  [21 ]  an d  t r i m e t h y l t i n  
c h l o r i d e  [22]  h a s  b e e n  d e m o n s t r a t e d  u s i n g  X - r a y  
d i f f r a c t o m e t r y  t o  m o n i t o r  t h e  c h a n g e  i n  i n t e r p l a n a r
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s p a c i n g  t h a t  o c c u r s  between  t h e  g r a p h i t e  l a y e r s .
U n f o r t u n a t e l y ,  e x p e r i m e n t s  w i t h  P h i l b l a c k  A ®  showed 
t h i s  m a t e r i a l  t o  b e  l a r g e l y  am orphous  i n  s t r u c t u r e  
a n d ,  t h e r e f o r e ,  u n l i k e l y  t o  p r o d u c e  an y  m e a n i n g f u l  d a t a  
by X - r a y  t e c h n i q u e s .  The d i f f r a c t o g r a m ,  o b t a i n e d  o v e r  
t h e  r a n g e  20 = 4 -  122° and  u s i n g  c o p p e r  = Ka r a d i a t i o n
o(A = 1 .5 4 1 8  A ) ,  was c h a r a c t e r i z e d  by  a  b r o a d  mean * *
d i s t r i b u t i o n  o f  r e f l e c t i o n s  c e n t r e d  a t  2 0 = 2 4 . 5 ° ,
F i g u r e  3 . 5 ( a ) .  A s i m i l a r  e x p e r i m e n t  u s i n g  s y n t h e t i c a l l y  
p r o d u c e d  g r a p h i t e  (BDH C h e m ic a l s  L t d )  p r o d u c e d  a  s e r i e s  
o f  n a r r o w - l i n e  r e f l e c t i o n s ;  t h e  most  i n t e n s e  o f  w h ic h  
(20 = 2 6 . 2 ° )  was a s s o c i a t e d  w i t h  an i n t e r l a y e r  s p a c i n g
oo f  3 .4 0 A ,  F i g u r e  3 . 5 ( b ) .  S im p le  d i s p e r s i o n  o f  TBTO and 
TBTC1 a t  10% by  w e i g h t  i n t o  s y n t h e t i c  g r a p h i t e ,  d i d  n o t  
r e s u l t  i n  any  m o d i f i c a t i o n  o f  t h e  r e f l e c t e d  l i n e  e n e r g i e s  
o r  t h e i r  r e l a t i v e  i n t e n s i t i e s .  I n t e r c a l a t i o n  i n t o  g r a p h i t e  
u n d e r  t h e  c o n d i t i o n s  d e s c r i b e d  i n  S e c t i o n  3 . 2 . 2  ( b ) ,  
was t h e r e f o r e  r u l e d  o u t  a s  a c o m p e t i n g  p r o c e s s  t o  t h e  
p h y s i c a l  and  c h e m i s o r p t i v e  p r o c e s s e s  a l r e a d y  m e n t i o n e d .
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■ F i g u r e  3 .5  : X - r a y  d i f f r a c t o g r a m s  o b t a i n e d  j o r
( a )  P h i l b l a c k ,  A ®  and
( b )  S y n t h e t i c  g r a p h i t e
( a)
( b )
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3,3 Triphenylt in-containing Elastomers
T r i p h e n y l t i n  compounds a r e  h i g h l y  a c t i v e  f u n g i c i d e s  [23]  
an d  have  b e e n  i n c o r p o r a t e d  i n t o  a n t i f o u l i n g  e l a s t o m e r i c  
c o a t i n g s  [24]  w h ere  t h e y  e x h i b i t  c o m p a r a b l e  b i o c i d a l  
a c t i v i t i e s  t o  t h e  t i i - n - b u t y l  a n a l o g u e s ,  o v e r  t h e  same 
b i o l o g i c a l  s p e c t r u m  [ 1 1 , 2 5 ] ,  A number  o f  n e o p r e n e - b a s e d  
c o a t i n g s ,  c o n t a i n i n g  P h 3SnX compounds ( w h e re  X = F ,
C l ,  Ac and OSnPh3 ) w ere  s u p p l i e d  by t h e  A .R .E .  f o r  
s t u d i e s  i n t o  t h e  f a t e  o f  t h e s e  b i o c i d e s  when i n c o r p o r a t e d  
i n t o  t y p i c a l  a n t i f o u l i n g  c o a t i n g  m a t r i c e s .  The c o a t i n g s  
w e re  b a s e d  on t h e  e l a s t o m e r  f o r m u l a t i o n  g i v e n  i n  T a b l e  3 . 1  
an d  c o n t a i n e d  c a  2.5% by w e i g h t  o f  b i o c i d e .  A 
d e s c r i p t i o n  o f  e a c h  s a m p le  i s  g i v e n  i n  T a b l e  3 . 7 .
3.3 .1  Results and Discussion of the Triphenyltin Systems
The t i n - 1 1 9  M o ssb au e r  s p e c t r a  f o r  t h e  n e a t  t r i p h e n y l t i n
compounds a r e  c h a r a c t e r i z e d  by  w e l l - r e s o l v e d ,  s y m m e t r i c a l  
q u a d r u p o l e  d o u b l e t s  a n d  t h e  m e a s u r e d  p a r a m e t e r s  a r e  g i v e n  
i n  T a b le  3 . 8 .
T a b l e  3 .7  : A u t h e n t i c t r i p h e n y l t i n - c o n t a i n i n g  AFR s a m p l e s  
: o b t a i n e d  f rom  t h e  A .R .E .
Sample Code B i o c i d e  ................. A b b r e v i a t i o n
3643 t r i p h e n y l t i n  a c e t a t e TPTAc
3644 t r i p h e n y l t i n  c h l o r i d e TPTC1
3645 t r i p h e n y l t i n  f l u o r i d e TPTF
3646 b i s C t i i p h e h y l t i n ) o x i d e  . . . TPTO . . .
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Table 
3.8 
: 
119mSn 
Mossbauer 
data 
for 
triphenyltin 
compounds 
in 
antifouling 
elastomers 
at 
80K
The M o ssb a u e r  s p e c t r a  o b t a i n e d  f rom  t h e  e l a s t o m e r s  
w e re  i d e n t i c a l  i n  a p p e a r a n c e  and  a  r e p r e s e n t a t i v e  
e x am p le  ( t h a t  o b t a i n e d  f rom  AFR 3646)  i s  shown i n  
F i g u r e  3 . 6 ( b ) .  The s p e c t r u m  o f  t h e  p a r t i c u l a r  n e a t  
o r g a n o t i n  (TPTO) i s  a l s o  shown,  F i g u r e  3 . 6 ( a ) .  Each 
e l a s t o m e r  s p e c t r u m  was d o m in a t e d  by  an i n t e n s e  b r o a d  
a b s o r p t i o n  a t  c a  0 mm s _ 1 , w i t h  a  s m a l l e r  p o s i t i v e  
v e l o c i t y  c o n t r i b u t i o n  at' ca  2 .2 5  mm s _ 1 , and  c l e a r l y  
i l l u s t r a t e d  t h e  d r a s t i c  c h e m i c a l  d e g r a d a t i o n  and  
s t r u c t u r a l  m o d i f i c a t i o n s  t h a t  w ere  i n c u r r e d  by t h e  
o r i g i n a l  b i o c i d e s .  The m a j o r  c o n t r i b u t i o n  t o  t h e  z e r o  
v e l o c i t y  com ponent  o f  t h e  s p e c t r u m  was a t t r i b u t e d  t o  
t h e  p r e s e n c e  o f  a s t a n n i c  c h l o r i d e  a d d u c t  fo rm e d  by 
r e a c t i o n  o f  t h e  u l t i m a t e  d e g r a d a t i o n  p r o d u c t  (SnCli*) 
w i t h  h y d r o g e n  c h l o r i d e  e v o l v e d  i n - s i t u .
In  o r d e r  t o  s u b s t a n t i a t e  t h e  p r o p o s e d  f o r m a t i o n  o f  
s t a n n i c  c h l o r i d e ,  and t o  h e l p  i d e n t i f y  t h e  r e m a i n i n g  
o r g a n o t i n  c o m p o n e n ts  e v i d e n t  i n  t h e  e l a s t o m e r  s p e c t r a ,  
F i g u r e  3 . 6 ( b ) ,  t h e  s a m p le s  AFR 3644 an d  3646 w ere  
s u b j e c t e d  t o  g a s  c h r o m a t o g r a p h i c  a n a l y s i s  f o l l o w i n g  
a l k y l a t i o n .  The p r o c e d u r e  was b a s e d  upon  t h a t  e m ployed  
by A l l e n  e t  a l  [26 ]  i n  t h e i r  s t u d y  o f  t h e  gamma-ray 
in d u c e d  d e g r a d a t i o n  o f  d i o r g a n o t i n ( I V )  PVC s t a b i l i s e r s .
The s a m p le s  (4  -  5g)  were  c h o p p e d  i n t o  s m a l l  p i e c e s  and  
a d d e d  t o  a s o l u t i o n  o f  n - p r o p y l m a g n e s i u m  c h l o r i d e  i n  
d i e t h y l  e t h e r .  The m i x t u r e  was t h e n  h e a t e d  u n d e r  r e f l u x  
i n  a  n i t r o g e n  a tm o s p h e r e  f o r  a b o u t  t h r e e  h o u r s  a f t e r  w h ic h
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o
Q_troto
CD ( a )
V E L O C I T Y ( M M / S E C )
Z Z  
21.:'  2 0 . 9. 
° 1 8 .  H  7. 
&16J 915:
( b )
VELOCITY ( M M / S E C )
F i g u r e  3 . 6  : Moggbauer  a b g o r p t i o n  s p e c t r a :  o f  ( a )  n e a t  
TPTO and  ( b )  TPTO (2.6% w t )  i n  an 
e l a g t o m e r i c  m a t r i x
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t h e  e x c e s s  G r i g n a r d  r e a g e n t  was h y d r o l y s e d  w i t h  d i l u t e  
s u l p h u r i c  a c i d .  S o l v e n t  e x t r a c t i o n  o f  t h e  l i q u o r  w i t h  
d i e t h y l  e t h e r  y i e l d e d  s o l u t i o n s  t h a t  w ere  a m e n a b le  t o  
GC a n a l y s i s .  T h i s  p r o c e d u r e  was a l s o  c a r r i e d  o u t  on t h e  
a u t h e n t i c  p h e n y l t i n s  Ph3SnX ( w h e re  X = C l ,  Ac,  OSnPh3 ) 
and  Pfc^SnClit-n (w h e re  n = 1 a n d  2) and  i t  was f o u n d  t h a t  
no d e p h e n y l a t i o n  was a c t u a l l y  i n d u c e d  by  t h e  a n a l y t i c a l  
m e th o d .  The e x p e r i m e n t a l  c o n d i t i o n s  a r e  g i v e n  i n  
T a b l e  3 .9  and  t h e  r e s o l u t i o n  a t t a i n e d  f o r  t h e  s t a n n a n e s  
Phn S n P r 4_n (w h ere  n = 0 -  3 a n d  P r  = n -C 3H7_ ) i s  
i l l u s t r a t e d  i n  F i g u r e  3 . 7 ( a ) .
T a b l e  3 .9  : GC c o n d i t i o n s  u s e d  f o r  t h e  s e p a r a t i o n  o f  
d e r i v a t i z e d  p h e n y l t i n s
I n s t r u m e n t  : P e r k i n - E l m e r  8310B G a s - c h r o m a t o g r a p h
D e t e c t o r  : F lame i o n i z a t i o n  (F ID ,  w i t h  H2 a t  16 p . s . i .  
an d  a i r  a t  20 p . s . i . )
Column d i m e n s i o n s  : 1 .8 2  x 0 . 0 0 3  m, s t a i n l e s s  s t e e l
P a c k i n g  : 3% OV-la  on Chrom osorb  WHF 8 0 /1 0 0 mesh
C a r r i e r  g a s  : N2 a t  35 cm3 m in -1
I n j e c t o r  t e m p e r a t u r e  : 350 °C
D e t e c t o r  t e m p e r a t u r e  : 350 °C
T e m p e r a t u r e  p ro g ram m in g  c o n d i t i o n s :
S t a g e ( 1 ) ( 2 ) ( 3 )
Oven t e m p e r a t u r e / ° C 200 230 300
I s o t h e r m a l  t i m e / m in 1 .2 1 .2 1 .0
Ramp r a t e / ° C  m in -1 20 20 . — .
a ,  OV-1 c o n t a i n s  d i m e t h y l  s i l i c o n e  gum
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1 .35
3.3 :
5.17
0 .35
1 .73
( a )
0 .7 8
4 .3 4
5 .2 0
6 .9 1
Mn
0i
1 .74
3 .3 b
BGN
1 .7 2
3.343 .6 3
4 .5 5
5 .1 8
• 5 .9 6
'KND
( b )
8:33
( c )
F i g u r e  3 . 7  : Chrdmatograrrtg o b t a i n e d  f ro m  ( a )  d e r i v a t i s e d  
s t a n d a r d s ,  ( b )  AFR 3646 arid ( c )  AFR 3 6 4 4 .  
F i g u r e s  r e p r e s e n t  ' r e t e n t i o n  t i m e  in: m i n u t e s
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R e t e n t i o n  t i m e s ,  d e r i v e d  f ro m  F i g u r e  3 . 7 ( a ) ,  f o r  t h e  
d e r i v a t i z e d  s t a n d a r d s  a r e  g i v e n  i n  T a b l e  3 . 1 0 .
T a b l e  3 .1 0  : R e t e n t i o n  t i m e s  ( t p )  f o r  r i - p r d p y l a t e d  
s t a n n a r i e s
r  "S t a n d a r d  . . .tpj C± Q .03  miri )
SnPrit 0 .7 8
P h S n P r3 1 .7 3
P h 2S n P r 2 3 .3 3
P h 3SnPr 5 .1 7
I t  i s  i m m e d i a t e l y  c l e a r  f rom  a u t h e n t i c  e l a s t o m e r  
c h r o m a t o g r a m s ,  F i g u r e s  3 . 7 ( b )  and  ( c ) ,  t h a t  t h e  
a n a l y t i c a l  m ethod p e r  s e  i s  n o t  i d e a l  f o r  t h e  
q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t i n  s p e c i e s  i n  t h e  
e l a s t o m e r  e x t r a c t s .  W i th o u t  t h e  i n c l u s i o n  o f  a d d i t i o n a l  
s a m p le  c l e a n - u p  o p e r a t i o n s ,  a  w h o le  r a n g e  o f  u n i d e n t i f i e d  
o r g a n i c s  have  b e e n  s e p a r a t e d  on t h e  GC column a l o n g  w i t h  
t h e  s t a n n a n e  d e r i v a t i v e s .
The m ethod  i s ,  h o w e v e r ,  a d e q u a t e  f o r  t h e  q u a l i t a t i v e  
i d e n t i f i c a t i o n  o f  t h e  t i n  m o i e t i e s  by c o r r e l a t i o n  o f  t ^  
v a l u e s  w i t h  t h o s e  g i v e n  i n  T a b l e  3 .1 0  f o r  t h e  s t a n d a r d s .  
D e s p i t e  t h e  c o m p l e x i t y  o f  t h e  e x t r a c t  c h r o m a t o g r a m s ,  a l l  
s t a g e s  o f  t h e  d e p h e n y l a t i o n  o f  t h e  o r i g i n a l  P h aS n ” 
m o i e t y  can  b e  i d e n t i f i e d  and  t h e  m o n o p h e n y l t i n  d e r i v a t i v e  
w ould  a p p e a r  t o  be  t h e  m a jo r  d e g r a d a t i o n  p r o d u c t .  H ow ever ,  
i t  i s  u n l i k e l y  t h a t  t h e  e f f i c i e n c y  o f  s t a n n a n e  f o r m a t i o n  
w i t h i n  t h e  e l a s t o m e r  m a t r i x  and  s u b s e q u e n t  e x t r a c t i o n  i n t o
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e t h e r ,  was t h e  same f o r  e a c h  t i n  m o i e t y  p r e s e n t .  
C o n s e q u e n t l y ,  t h e  r e l a t i v e  p e a k  h e i g h t s  o f  e a c h  
d e r i v a t i v e  on t h e  e l a s t o m e r  c h r o m a t o g r a m s ,  w e r e  o n l y  
u s e d  a s  an a p p r o x i m a t e  g u i d e  i n  a s s e s s i n g  t h e  d e g r e e  
o f  d e g r a d a t i o n  u n d e r g o n e  by t h e  o r i g i n a l  P h 3 S n - b i o c i d e s .
3.3.2 A Mossbauer Investigation of the Thermal S ta b i l i t y  of 
some Phenyltin Compounds
A r y l t i n  compounds w i l l  r e a d i l y  u n d e r g o  Sn-C bond 
c l e a v a g e  i n  t h e  p r e s e n c e  o f  h a l o g e n s  a n d  h a l o g e n  a c i d s  
[ 9 , 1 1 ] •  The a c c e p t e d  m echan ism  i n v o l v e s  e l e c t r o p h i l i c  
s u b s t i t u t i o n  a t  c a r b o n ,  t h u s :
S u b s e q u e n t  i n t e r a c t i o n  w i t h  a c i d  w ou ld  be  e x p e c t e d  t o  
p r o d u c e  t h e  m o n o a ry l  d e r i v a t i v e  f o l l o w e d  by t h e  
a p p r o p r i a t e  t i n ( I V )  t e t r a h a l i d e  a s  t h e  u l t i m a t e  d e g r a d a t i o n  
p r o d u c t .  The h y d ro g e n  c h l o r i d e  p r e s e n t  i n  t h e  n e o p r e n e  
e l a s t o m e r s  i s  l i k e l y  t o  r e a c t  w i t h  t h e  t r i p h e n y l t i n  
compounds a d d ed  a s  p o t e n t i a l  b i o c i d e s  ( T a b l e  3 . 7 ) ,  
and  p r o d u c e  a  r a n g e  o f  p r o d u c t s  c o n s i s t i n g  o f  t r i - ,  d i - ,  
mono- and i n o r g a n i c  t i n  m o i e t i e s .
The e a s e  w i t h  w h ich  a s e r i e s  o f  t r i p h e n y l t i n  d e r i v a t i v e s  
u n d e r w e n t  r e a c t i o n  w i t h  h y d ro g e n  c h l o r i d e  u n d e r  t h e  h i g h
P h 2 -S n C l
Ph2 S n C l2 +
s lo w
-  I l l  -
t e m p e r a t u r e  c o n d i t i o n s  u s e d  i n  t h e  e l a s t o m e r  c u r i n g  
p r o c e s s ,  was d e m o n s t r a t e d  by  h e a t i n g  b i s ( t r i p h e n y l t i n ) -  
o x i d e ,  d i p h e n y l t i n  o x i d e ,  t e t r a p h e n y l t i n , t r i p h e n y l t i n  
a c e t a t e ,  and  t r i p h e n y l t i n  c h l o r i d e ,  r e s p e c t i v e l y  w i t h  
e x c e s s  q u a n t i t i e s  o f  h y d r o c h l o r i c  a c i d  (2 mol dm"3 ) 
u n d e r  r e f l u x i n g  c o n d i t i o n s .  Each  s y s t e m  was h e l d  a t  
1 5 0 °C f o r  f i f t e e n  m i n u t e s  a f t e r  w h ic h  t h e  f i l t e r e d  
r e s i d u e s  w ere  a n a l y s e d  by M o ssb a u e r  s p e c t r o s c o p y .  The 
M o ssb au e r  p a r a m e t e r s  w ere  f o u n d  t o  hav e  b e e n  e x t e n s i v e l y  
m o d i f i e d  i n  e a c h  c a s e  ( T a b l e  3 . 1 1 )  an d  t h e  r e l e v a n t  
M o ssb a u e r  s p e c t r a  a r e  shown i n  F i g u r e s  3 . 8 ( a )  t o  ( e ) .
The b r o a d  l i n e  w i d t h s  e v i d e n t  i n  s p e c t r a  ( b )  t o  ( e )  
s u g g e s t  t h a t  t h e  r e l e v a n t  o r g a n o t i n s  h a v e  b e e n  c o n v e r t e d  
t o  a  m i x t u r e  o f  p r o d u c t s  i n c l u d i n g  t r i p h e n y l t i n  
c h l o r i d e  an d  d i p h e n y l t i n  d i c h l o r i d e .  In  s p e c t r u m  ( c )  
f o r  t h e  t e t r a p h e n y l t i n  s y s t e m ,  i t  was p o s s i b l e  t o  o b t a i n  
a s i g n i f i c a n t  im provem ent  i n  t h e  q u a l i t y  o f  c o m p u t e r  f i t  
by  a l l o w i n g  t h e  MOSFIT r o u t i n e  t o  model  a s e r i e s  o f  
q u a d r u p o l e  s p l i t  d o u b l e t s  t o  t h e  d a t a ,  i n  a d d i t i o n  t o  
t h e  o b v i o u s  s i n g l e t  a t  1 .2 5  mm s " 1 .
S i m i l a r  t r e a t m e n t  o f  t h e  t r i p h e n y l t i n  a c e t a t e  d a t a ,  
s p e c t r u m  ( d ) ,  i n d i c a t e d  t h e  p o s s i b l e  e x i s t e n c e  o f  
d i p h e n y l  and  m o n o p h e n y l t i n  c h l o r i d e s  i n  t h e  r e s i d u e .  
A l s o ,  t h e  t h e r m a l  i n s t a b i l i t y  o f  b i s ( t r i p h e n y l t i n ) o x i d e  
t o w a r d s  d i s p r o p o r t i o n a t i o n  when h e a t e d  a b o v e  i t s  m e l t i n g  
p o i n t  ( 1 1 9 - 1 2 3 ° C ) ,  was d e m o n s t r a t e d  by  i n f r a r e d  a n d  
M o ssb au e r  s p e c t r o s c o p i c  a n a l y s i s  o f  t h e  r e s i d u e  o b t a i n e d  
a f t e r  h e a t i n g  t h i s  m a t e r i a l  a t  1 5 0 °C f o r  t h i r t y  m i n u t e s .
- 112 -
Data 
fitted 
as 
one 
singlet 
and 
one 
quadrupole 
doublet
o ' P
u ap pc+ rt-p P
Hj HjH- H*c+ rt-rt- rt-0 0P. PP PCO CO
O rt3 30 O.
CO 3H- 33aq 0H1 CO0 Oc+ I-1<P 03 Part 33 P0 P3pi 33 •a4 o0 h1CO 0OM p.< ' o0 3P O'H103 c+P COP43O0HJ0P*03O*M0rt-CO
►d
CT•F
CO
3
0
►d
£3*CO
CO
3
O
0 = 0
O
WCO
O '
>d
O 'CO
CO
3
O
M
►d
O 'CO
CO
3
o
3
P
/-~v
*d
O 'CO
CO
3
CO
o
O
rg
a
n
o
tin
H-J H-J HJ HJ O H-J H-J HJ H-J i+• * • • • • • • •
H* tO CO t o  HJ o t o  t o CO o1-4 05 HJ Cn 00 00  00 t o •o/—N /—N ✓—N t o
HJ HJ H-J o H-J 0 7* • a • • 3t o CO CO t o H-J 305 o CO o COv—/ __' __' Ula• 1
. M
t o  O t o  c o  o t o t o  CO t o 1+.  a a a a a a a a
rf* O HJ HJ O o CO H-J vH o00 o t o  t o  O o oo  o Cn • ■
o  >/-S t o  fccj
o CO t o H-J H-J cO• a • a a 3o CO Cn t o rf j 3o c n 05 o t ov y Mi- 1
. M
-
1+
o
HJ H 1 HJ O  HJ H-J H-J H-J H-J •a a a a a a a a • O  H j
o  ^ t o  CO H-J H-J o  o O t o
t o ^  o  h i O O  rfs. HI
|
U)11M
W0
H 1
P
H-J HJ 1+ r+
t o c n  t o  h-j O CO 05 O H-
CO HJ HI 05  HI O H-J tO O c n  <J0
>
0P
c+O
r to*CD.
3
CD
o’o.
o.3ap.U)
-  113 -
Table 
3.11 
: 
119mSn 
Mossbauer 
data 
for 
triphenyltin 
compounds 
heated 
with 
excess 
hydrogen
chloride 
under 
the 
elastomer 
curing 
eoiiditions 
(figures 
in 
parentheses 
correspond
2
CD
Q_cr.oto00<
VELOCITY (MM/SEC)
( a )
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( b )
( c )
F i g u r e  3 .8  T in - 1 1 9  M o ssb au e r  s p e c t r a  o b t a i n e d
a f t e r  h e a t i n g ;  t h e  f o l l o w i n g  w i t h  HC1 
a t  150°C ( a )  ( P h ^ S n ) 90 ,
(b )  Ph?SnO and ( c )  PhuSn
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22_,
20 .
13.
-5  - 4  - 3  -2
VELOCITY (MM/SEC)
o
Q_caocoCD<
( e )
VEL0C1 TY (MM/SEC)
F i g u r e  3 . 8  T i n - 1 1 9  M ossbauer  s p e c t r a  o b t a i n e d
a f t e r  h e a t i n g  t h e  f o l l o w i n g  w i t h  HC1 a t  
150°C ( d )  Ph^SnOCC:0)CHa and ( e )  Ph^SnCl
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The i n f r a r e d  s p e c t a  o b t a i n e d  f ro m  p o t a s s i u m  b r o m id e
p e l l e t s  i n  t h e  r a n g e  1000 -  200 cm” 1 , a r e  shown in
F i g u r e s  3 .9  ( a  t o  c ) .  The d i m i n i s h e d  i n t e n s i t y  o f  t h e
a s y m m e t r i c  Sn-O-Sn s t r e t c h i n g  mode a t  770 c m " 1 a l o n g
w i t h  t h e  a p p e a r a n c e  o f  c h a r a c t e r i s t i c  (R2 SnO)n S n -0
s t r e t c h i n g  modes a t  575 cm-1 (v Sn-O) an d  415 cm "1a s
(v Sn-O) i n  F i g u r e  3 .9  ( c ) ,  c l e a r l y  i n d i c a t e  t h e  t h e r m a lb
d i s p r o p o r t i o n  o f  t h e  b i s - o x i d e  a c c o r d i n g  t o  t h e  
r e a c t i o n :
'.A '
( P h 3 S n ) 20 ------------------ ► ( P h 2SnO)n + Ph^Sn
The M o ssb a u e r  s p e c t r u m  o b t a i n e d  f o r  t h e  same r e s i d u e  was 
i n t e p r e t e d  a s  a  q u a d r u p o l e  d o u b l e t  s u p e r i m p o s e d  upon 
a s i n g l e t  a t  ^  1 .2 2  mm s ' " 1 . The f i t t i n g  p a r a m e t e r s  
a r e  g i v e n  i n  T a b l e  3 .1 2  and  t h e  s p e c t r u m  i s  shown in  
F i g u r e  3 . 1 0 .
T a b l e  3 .1 2  : 119Sn M o ssb au e r  P a r a m e t e r s  f o r  ( P h ^ S n ) 90 
a f t e r  h e a t i n g  u n d e r  t h e  e l a s t o m e r  c u r i n g  
c o n d i t i o n s
Compound 6 1 ,2  (mm s " 1 ) .
AEq 2 
(mm s - 1 ) .
r
(mm s ” 1 )
R e l a t i v e  
A rea  ± 5%
B e f o r e  H e a t i n g
( P h 3S n ) 20 ( p u r e ) 1 .13 1 .42 1 .0 1 100
P h 2SnO ( p u r e ) 0 .9 0 1 .9 0 1 .2 8 100
PhitSn ( p u r e ) 1 .26 0 .0 0 1 .0 6 100
A f t e r  H e a t i n g
( P h 3 Sn ) 20 1 .21 0 .0 0 1 .1 4 390 .8 5  . 1 .80 1 .6 4 . 61
1 M easu red  r e l a t i v e  t o  BaSn03 , a b s o r b e r  a t  80K
2 E r r o r s  = ± 0 .0 2  mm s -1
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F i g u r e  3 .9  : I n f r a r e d  s p e c t r a  r e c o r d e d  f o r  ( a )  p u r e  
( P h 3S n ) 20 > ( b )  p u r e  ( P h gSnQ)n and  
( c )  (P h 3S n ) 20 a f t e r  h e a t i n g  a t  ~150°C f o r  30 m i n s ,
-  117 -
VELOCITY 
<m
/SEC>
ABSORPTIJ3N ^  ^
O —“ N J C O - ^ C J I C O O C O C D C D —" r O C O - ^ C J l C O O O O C D G ) - ^I
CO
cn
CO
iro
i
co
K)
CO
-4^
cn
CO-J
F i g u r e  3 .1 0  : T in - 1 1 9  M ossbaue r  s p e c t r u m  o f  ( P h ^S n ) 90 
a f t e r  h e a t i n g  a t  1 5 0 °C f o r  30 m i n u t e s
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X10
22.
3 ,3.3 119mSn Mossbauer Studies of the Fate of Triphenyltin
Biocides Dispersed in Neoprene
A l t h o u g h  t h e  e f f e c t  o f  h e a t i n g  t r i p h e n y I t i n - b a s e d  
t o x i c a n t s  i n  a h y d r o g e n  c h l o r i d e  e n v i o r n m e n t  h a s  a  m arked  
e f f e c t  on t h e i r  M o ssb a u e r  p a r a m e t e r s ,  t h i s  a l o n e  d o e s  n o t  
e x p l a i n  t h e  e x t e n s i v e  c h e m i c a l  b reakdow n  e v i d e n t  i n  t h e  
a u t h e n t i c  e l a s t o m e r  s p e c t r u m ;  F i g u r e  3 . 6 ( b ) .  T h e r e f o r e ,  
i n  an  a t t e m p t  t o  r e v e a l  a d d i t i o n a l  c h e m i c a l  i n t e r a c t i o n s  
t h a t  may e x i s t  b e tw e e n  t h e  t r i p h e n y l t i n s  and  t h e  b a s e  
e l a s t o m e r ,  n e o p r e n e  f i l m s  c o n t a i n i n g  r e s p e c t i v e l y  P h 3SnF, 
( P h 3S n ) 20 and  d e g r a d a t i o n  p r o d u c t s  a t  2.5% by  w e i g h t  
w ere  p r e p a r e d  a c c o r d i n g  t o  t h e  m ethod  d e s c r i b e d  in  
S e c t i o n  3 . 2 . 3 .  The t i n - 1 1 9  M o ssb au e r  s p e c t r u m  o f  e a c h  
f i l m  was t h e n  r e c o r d e d  w i t h  t h e  a b s o r b e r  m a i n t a i n e d  
a t  a  t e m p e r a t u r e  o f  80K. The i s o m e r  s h i f t  i s  q u o t e d  
r e l a t i v e  t o  b a r i u m  s t a n n a t e  a n d  a l l  t h e  d a t a  a r e  
a s s o c i a t e d  w i t h  an  e x p e r i m e n t a l  e r r o r  o f  ± 0 . 0 5  mm s _ 1 ; 
T a b l e  3 . 1 3 .
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The 
Mossbauer 
spectra 
obtained 
from 
these 
systems 
are 
presented 
in 
Figures 
3.11(a) 
to 
(f).
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VELOCITY CMrVSEC)
(a )
(b )
( C )
F i g u r e  3 .1 1  : 119Sri Mossbaueir s p e c t r a  o b t a i n e d  f ro m  
s o l v e n t  c a s t  n e o p r e n e  f  i l m s  o o n t a i a i n g
(a:) P h a SnF,  ( b )  ( P h 3S n ) 20  a n d  ( c )  P h a SnCl 
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10.
- 5  - 4 3 2 1 0 2 3 54
( d )
VELOCITY CMfl/SEC)
++++
CQ
Q.
•0 0 . 0  1 . 0  V E L O C I T Y ( M M / S E C ) 3 .0
( e )
( f )
F i g u r e  3 .1 1  : l l s Sri M ossbaue r  s p e c t r a  o b t a i n e d  f fo m  s o l v e n t  
c a s t  neopreine f i l m s  c o r i t a i r i g  ( d )  P h 2S n C l 2>
' ( e )  PhSnCia and (f)  snc:u
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The M o ssb a u e r  s p e c t r a  d e m o n s t r a t e  t h e  g r o s s  c h e m i c a l  
c h a n g e s  t h a t  h a v e  o c c u r r e d  i n  e a c h  o r g a n o t i n / p o l y m e r  
s y s t e m ,  ev e n  u n d e r  t h e  m i l d  e x p e r i m e n t a l  c o n d i t i o n s  u s e d .  
T r i p h e n y l t i n  f l u o r i d e ,  F i g u r e  3 . 1 1 ( a ) ,  a p p e a r s  t o  h a v e  
u n d e r g o n e  d e g r a d a t i o n  t o  a d i p h e n y l t i n  m o i e t y ,  p o s s i b l y  
t h e  c h l o r o - f l u o r o  d e r i v a t i v e .
The fo rm  o f  t h e  b i s ( t r i p h e n y l t i n ) o x i d e  an d  t r i p h e n y l t i n  
c h l o r i d e  s p e c t r a  w ould  i n d i c a t e  t h a t  t h e s e  m a t e r i a l s  h av e  
u n d e r g o n e  t h e  same f a t e  upon d i s p e r s i o n  i n  n e o p r e n e ,  
F i g u r e s  3 . 1 1 ( b )  an d  ( c ) .  F u r t h e r ,  t h e  s i m i l a r i t y  o f  
e a c h  s p e c t r u m  wou ld  s u g g e s t  t h a t  t h e  b i s - o x i d e  u n d e r g o e s  
c o n v e r s i o n  t o  t h e  c h l o r i d e  p r i o r  t o  d e g r a d a t i o n .  T h e se  
s p e c t r a  w ere  i n i t i a l l y  i n t e r p r e t e d  a s  t h r e e  o v e r l a p p i n g  
q u a d r u p o l e  d o u b l e t s  a r i s i n g  f ro m  t h e  p r e s e n c e  o f  a  m i x t u r e  
o f  o r g a n o t i n  d e g r a d a t i o n  p r o d u c t s .  The s p e c t r u m  o b t a i n e d  
f o r  d i p h e n y l t i n  d i c h l o r i d e  can  b e  s u p e r i m p o s e d  upon  t h e  
i n n e r  d o u b l e t  e v i d e n t  on t h e  b i s - o x i d e  an d  m o n o - c h l o r i d e  
s p e c t r a  an d  p r o v i d e s  i n d i r e c t  e v i d e n c e  o f  t h e  p r e s e n c e  
o f  P h 2S n C l2 a s  a  d e g r a d a t i o n  p r o d u c t i o n .  C l e a r l y ,  t h i s  
m a t e r i a l  i t s e l f  u n d e r g o e s  f u r t h e r  d e g r a d a t i o n ;
F i g u r e  3 . 1 1 ( d )  .
The a d d i t i o n  o f  m o n o p h e n y l t i n  t r i c h l o r i d e  and  s t a n n i c  
c h l o r i d e  was ac c o m p a n ie d  by a m arked  c o l o u r  c h a n g e  i n  t h e  
n e o p r e n e  m a t r i x .  The p o ly m e r  s o l u t i o n  was o b s e r v e d  t o  
c h a n g e  f ro m  a m b e r - y e l l o w  t o  a  r e d - b r o w n  c o l o u r  a n d  t h i s  
was t h o u g h t  t o  a r i s e  f rom  an  i n c r e a s e  i n  t h e  d e g r e e  o f  
c o n j u g a t i o n  w i t h i n  t h e  p o l y m e r .  In  a d d i t i o n ,  i t  was 
n o t e d  t h a t  o f  a l l  t h e  o r g a n o t i n - n e o p r e n e  s y s t e m s  t h a t
w ere  s t u d i e d ,  o n l y  t h e  P h S n C l3 -  an d  SnCli*- d i s p e r s e d  
e l a s t o m e r s  w ere  i n s o l u b l e  i n  d i c h l o r o m e t h a n e . T h e se  
o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  o f  c r o s s ­
l i n k s  b e tw e e n  t h e  p o l y ( c h l o r o p r e n e )  c h a i n s .
3.4 Conclusions
T i n - 1 1 9  M o ssb au e r  and  N.M.R. s t u d i e s  have  shown t h a t  a 
v a r i e t y  o f  t r i - n - b u t y l  and  t r i p h e n y l t i n  b i o c i d e s  u n d e r g o  
s u b s t a n t i a l  c h e m i c a l  m o d i f i c a t i o n  when d i s p e r s e d  i n t o  a 
m a r in e  a n t i f o u l i n g  c o a t i n g  m a t r i x .  The b u t y l t i n  e x p e r i m e n t s  
i n d i c a t e  t h a t  t h e  p r e d o m i n a n t  c o n v e r s i o n  p r o d u c t  i n  e a c h  
c a s e  i s  t r i - n - b u t y l t i n  c h l o r i d e ;  a l t h o u g h  m ost  o f  t h e  
b u t y l t i n  d e r i v a t i v e s  r e v e a l  s i g n i f i c a n t  am o u n ts  o f  
t r i - n - b u t y l t i n  s t e a r a t e  a n d  d i - n - b u t y l t i n d i s t e a r a t e  a s  
c o - p r o d u c t s .
The d r a s t i c  d e g r a d a t i o n  o f  a  s e r i e s  o f  t r i p h e n y l t i n  
b i o c i d e s  w i t h i n  an a u t h e n t i c  c o a t i n g  h a s  b e e n  shown t o  
i n v o l v e  s u c c e s s i v e  Sn-C bond  c l e a v a g e  l e a d i n g  u l t i m a t e l y  
t o  t h e  f o r m a t i o n  o f  s t a n n i c  c h l o r i d e .
Both t h e  b u t y l  and  p h e n y l t i n  d e r i v a t i v e s  w ere  o b s e r v e d  t o  
i n t e r a c t  s t r o n g l y  w i t h  t h e  b a s e  p o l y m e r ;  p o l y ( 2 - c h l o r o -
1 , 3 - b u t a d i e n e ) . The n a t u r e  o f  t h e  i n t e r a c t i o n  i n  t h e  
b u t y l t i n  s y s t e m s  i s  t h o u g h t  t o  i n v o l v e  c o o r d i n a t i o n  b e t w e e n  
t h e  o r g a n o t i n  m o i e t y  and  t h e  c h l o r i n e  a to m s  o f  t h e  e l a s t o m e r .  
The p h e n y l t i n s ,  h o w e v e r ,  r e v e a l  a  much more com plex  
s y s t e m  o f  c h e m i c a l  r e a c t i o n s  i n v o l v i n g  Sn-C bond  c l e a v a g e  
w i t h i n  t h e  p o ly m e r  m a t r i x  l e a d i n g  t o  a d i s t r i b u t i o n  o f  
o r g a n o t i n  d e g r a d a t i o n  p r o d u c t s .  T h e se  e x p e r i m e n t s
-  124 -
i l l u s t r a t e  t h e  h i g h  r e a c t i v i t y  o f  p h e n y l t i n  compounds 
r e l a t i v e  t o  t h e  b u t y l t i n  a n a l o g u e s  i n  t h e s e  a n t i f o u l i n g  
s y s t e m s .
The Lew is  a c i d i t y  o f  two t i n  com pounds ,  m o n o p h e n y l t i n  
t r i c h l o r i d e  and s t a n n i c  c h l o r i d e ,  h a s  r e n d e r e d  t h e s e  
m a t e r i a l s  c a p a b l e  o f  c r o s s - l i n k i n g  t h e  p o ly m e r  c h a i n s .
The s i m i l a r i t y  o f  M ossbauer  p a r a m e t e r s  s u g g e s t s  t h a t  
m o n o p h e n y l t i n  t r i c h l o r i d e  i s  c o n v e r t e d  t o  s t a n n i c  c h l o r i d e  
w h i c h ,  s u b s e q u e n t l y ,  i n t e r a c t s  w i t h  t h e  p o ly m e r  t o  
p r o d u c e  c r o s s - l i n k s .  I t  i s  p o s t u l a t e d  t h a t  t h e  m e c ha n ism  
i n v o l v e s  t h e  f o r m a t i o n  o f  a  s t a b i l i s e d  c a r b o c a t i o n  a s  
p r o p o s e d  by  B a ldw in  e t  a l  [27]  , by  r e a c t i o n  o f  t h e  a l l y l i c  
s t r u c t u r a l  u n i t  a r i s i n g  f ro m  t h e  1 , 2 - a d d i t i o n  o f  2 - c h l o r o -
1 , 3 - b u t a d i e n e , w i t h  s t a n n i c  c h l o r i d e :
CH2
SnCl 4
+ S n C l 5
Cl
Cl H Cl Cl
Cl
-HC1
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The o b s e r v e d  r e d u c t i o n  i n  t h e  i s o m e r  s h i f t  o f  SnCli* upon 
i n c o r p o r a t i o n  i n t o  n e o p r e n e ,  may b e  a t t r i b u t e d  t o  t h e  
f o r m a t i o n  o f  a  h e x a c h l o r o s t a n n a t e  com plex  w i t h i n  t h e  
p o ly m e r  n e t w o r k ,  a s  a  r e s u l t  o f  t h e  f o r e g o i n g  c r o s s -  
l i n k i n g  r e a c t i o n s .  T h i s  e f f e c t  h a s  a l s o  b e e n  o b s e r v e d  
by B ro o k s  e t  a l  [26 ]  who n o t e d  t h a t  t h e  i s o m e r  s h i f t  o f  
SnCli* was r e d u c e d  f rom  0 .8 2  mm s -1  i n  t h e  p u r e  s t a t e  t o
0 . 3 0  mm s ” 1 when d i s p e r s e d  i n  PVC a t  1.2% b y  w e i g h t .
The b r o a d  l i n e  w i d t h  o b s e r v e d  f o r  S n C l k i n  n e o p r e n e  i s  
p r o b a b l y  due  t o  i n d i v i d u a l  m o l e c u l e s  e x i s t i n g  i n  d i f f e r e n t  
c h e m i c a l  e n v i r o n m e n t s .  Some SnCli* may h a v e  fo rm ed  a 
c om plex  w i t h  r e s i d u a l  HC1, some may b e  i n v o l v e d  in  s i m p l e  
c o o r d i n a t i o n  w i t h  c h l o r i n e  a tom s  on t h e  p o ly m e r  c h a i n  and  
f i n a l l y ,  some o f  t h e  SnCli* h a s  become i n v o l v e d  i n  t h e  c u r i n g  
p r o c e s s  and  b e e n  t r a n s f o r m e d  i n t o  h a l o g e n o s t a n n a t e ( I V )  
s p e c i e s .  The c a r b o n  b l a c k ,  p r e s e n t  a s  a  major com ponen t  
i n  t h e  a n t i f o u l i n g  c o a t i n g s ,  was f o u n d  t o  i n t e r a c t  w i t h  
t h e  Bu3SnX d e r i v a t i v e s  w here  X = OSnBu3 , O C (:0 )0 S n B u 3 ,
SSnBu3 and  s t e a r a t e .  Of t h e  p h e n y l t i n s  e x a m in e d ,  o n l y  
t r i p h e n y l t i n  h y d r o x i d e  a p p e a r e d  t o  h a v e  b e e n  a f f e c t e d  by  
d i s p e r s i o n  i n t o  c a r b o n  b l a c k .  Most  o f  t h e  Bu3 SnX s p e c t r a  
c o u l d  b e  i n t e r p r e t e d  a s  u n r e s o l v e d  q u a d r u p o l e  d o u b l e t s  
s u p e r i m p o s e d  upon e a c h  o t h e r .  T h i s  s u g g e s t e d  t h e  f o r m a ­
t i o n  o f  s e v e r a l  d i f f e r e n t  o r g a n o t i n s  ( o r  t h e  e x i s t e n c e  o f  
s i n g l e  compounds w i t h  d i f f e r e n t  t i n - s i t e s )  i n  t h e  c a r b o n  
m a t r i x .  The c h e m i c a l  p r o c e s s e s  t h a t  a r e  r e s p o n s i b l e  f o r  
t h e  o b s e r v e d  s t r u c t u r a l  c h a n g e s  a r e  t h o u g h t  t o  a r i s e  f ro m  
s u r f a c e  r e a c t i o n s  b e tw een  t h e  o r g a n o t i n  and f u n c t i o n a l  
g r o u p s  w h ic h  a r e  known t o  be  p r e s e n t  on t h e  c a r b o n  b l a c k
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a g g r e g a t e s .  The phenomenon o f  i n t e r c a l a t i o n  was b r i e f l y  
c o n s i d e r e d  b u t  t h e  e f f e c t  c o u l d  n o t  b e  d e m o n s t r a t e d  i n  
t h e  s i m p l e  e x p e r i m e n t  d e s c r i b e d  i n  t h i s  s t u d y .
-  127 -
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CHAPTER 4 : SPECTROSCOPIC AND CHEMICAL ANALYSIS OF A
MARINE EXPOSED ELASTOMER 
4.1 Introduction
A s a m p le  o f  m a r i n e  a n t i f o u l i n g  e l a s t o m e r ,  o r i g i n a l l y  
i n c o r p o r a t e d  w i t h  TBTO a t  c a  2.5% by  w e i g h t ,  was 
o b t a i n e d  f ro m  t h e  h u l l  o f  a  s h i p  a f t e r  2 . 5  y e a r s  
s e r v i c e  a t  s e a .  The s am p le  f o r m u l a t i o n  was b a s e d  on t h e  
c o m m e r c i a l l y  a v a i l a b l e  NOFOUL® r e c i p e  w h ic h  i s  
e s s e n t i a l l y  t h e  same a s  t h a t  g i v e n  i n  T a b l e  3 . 1  f o r  t h e  
A d m i r a l t y  p r e p a r e d  e l a s t o m e r s .
A t r a n s m i s s i o n - m o d e  M ossbaue r  s p e c t r u m  was r e c o r d e d  
i n  t h e  u s u a l  way and  t h e  d e r i v a t i z a t i o n  g a s - c h r o m a t o g r a p h i c  
p r o c e d u r e ,  d e s c r i b e d  i n  S e c t i o n  3 . 3 . 1 ,  was a p p l i e d  t o  t h e  
c h e m i c a l  c h a r a c t e r i z a t i o n  o f  d e g r a d a t i o n  p r o d u c t s .
T i n - 1 1 9  NMR s p e c t r o s c o p y  was a l s o  u s e d  t o  h e l p  i d e n t i f y  
t h e  o r g a n o t i n  s p e c i e s  p r e s e n t  i n  t h e  c o a t i n g  m a t r i x .
4.2 Results and Discussion
I t  was c l e a r  f ro m  t h e  a s y m m e t r i c  l i n e  s h a p e s  a n d  
i n t e n s i t i e s  t h a t  t h e  f o l d e d  M o ssb a u e r  d a t a  o b t a i n e d  
f ro m  t h e  s h i p  s a m p le  r e p r e s e n t e d  a v a r i e t y  o f  d i f f e r e n t  
t i n  s i t e s  w i t h i n  t h e  e l a s t o m e r  m a t r i x .  The b e s t  
c o m p u te r  f i t ,  c o r r e s p o n d i n g  t o  t h e  l o w e s t  x 2 v a l u e ,  
was o b t a i n e d  by  m o d e l l i n g  t h e  d a t a  a s  t h r e e - u n r e s o l v e d  
q u a d r u p o l e  d o u b l e t s  and  one  s i n g l e t .  The f i t t e d  s p e c t r u m ,  
a l o n g  w i t h  t h e  d e c o n v o l u t e d  c o m p o n e n t s  a r e  shown i n  
F i g u r e  4 . 1 ,  and  t h e  f i t t i n g  p a r a m e t e r s  a r e  p r e s e n t e d  i n
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t h e  a c c o m p a n y in g  t a b l e ,  4 . 1 .  The f i t t i n g  p r o c e d u r e  
i n v o l v e d  c o n s t r a i n i n g  t h e  p a i r e d  l i n e  w i d t h s  f o r  e a c h  
d o u b l e t  b u t  t h e  i s o m e r  s h i f t  a n d  s p l i t t i n g  w ere  
a l l o w e d  t o  v a r y  t h r o u g h o u t  t h e  r e g r e s s i o n  a n a l y s i s .
T a b le  4 . 1  F i t t e d  p a r a m e t e r s  d e r i v e d  f o r  t h e  s h i p  
a n t i f o u l i n g  e l a s t o m e r  s a m p le
6
± 0 . 0 5  mms-1
AEq
± 0 .0 5  mms” 1 .
r
.±0.0.5 mms” 1 .
R e l a t i v e  
A r e a ,  ± 5%
-  0 .0 3 0 .0 0 0 . 7 8 2
1 .3 2 3 .1 6 1 .00 50
1 .3 5 1 .5 2 1 .2 4 21
0 .6 7 1 .3 8 1 .06 27
o
i—i
h-Q_CKOCO00<
- 6  - 5  - 4  - 3  - 2  -1 0 "  1 2 3 4 5 6
VELOCITY ( M t V S E C )
F i g u r e  4 . 1  : F i t t e d  d a t a  f o r  t h e  s h i p  a n t i f o u l i n g  e l a s t o m e r  
s a m p le  a n d  d e c o n v o l u t e d  c o m p o n e n t s
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uxvei l  m a x  xne c o a t i n g  h a d  r e s i d e d  i n  an  a q u e o u s ,  m i l d l y  
a l k a l i n e ,  medium f o r  o v e r  two y e a r s ,  t h e  p r e s e n c e  o f  
d i f f e r e n t  t i n  s i t e s  was a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  
h y d r o l y s i s  p r o d u c t s  w i t h i n  t h e  e l a s t o m e r  m a t r i x .  The 
w a t e r  a b s o r p t i o n  p r o p e r t i e s  o f  n e o p r e n e  c o a t i n g s  h a v e  
a l r e a d y  b e e n  i n v e s t i g a t e d  by  Woodford  who d e m o n s t r a t e d  
t h a t  w a t e r  c o u l d  d i f f u s e  i n t o  a  n e o p r e n e - b a s e d  
f o r m u l a t i o n  t o  t h e  e x t e n t  o f  5 .9  -  8.4% b y  w e i g h t  [ 1 ] .
I t  i s  s u g g e s t e d ,  t h e r e f o r e ,  t h a t  t h e s e  h y d r o l y s i s  
p r o d u c t s  a r e  d i s t r i b u t e d  t h r o u g h o u t  t h e  b u l k  o f  t h e  
c o a t i n g  and  a r e  n o t  m e r e l y  c o n f i n e d  t o  t h e  n e a r  s u r f a c e  
r e g i o n s .
In  o r d e r  t o  c o r r o b o r a t e  t h e s e  p r o p o s a l s  and  t o  a t t e m p t  
i d e n t i f i c a t i o n  o f  t h e  o r g a n o t i n s  e v i d e n t  i n  t h e  
M o ssb au e r  s p e c t r u m ,  p a r t  o f  t h e  s a m p le  was s u b j e c t e d  t o  
S o x h l e t t  e x t r a c t i o n  i n  d i c h l o r o m e t h a n e  f o r  two d a y s .
An a l i q u o t  o f  t h e  r e s u l t a n t  o i l  e x t r a c t  was r e d i s s o l v e d  
i n  d e u t e r i o c h l o r o f o r m  f o r  t i n - 1 1 9  NMR a n a l y s i s ,  an d  t h e  
r e m a i n d e r  was d e r i v a t i z e d  a c c o r d i n g  t o  t h e  G r i g n a r d  
p r o c e s s  d e s c r i b e d  i n  S e c t i o n  3 . 3 . 1  f o r  s u b s e q u e n t  
g a s - c h r o m a t o g r a p h i c  a n a l y s i s .  The NMR d a t a  an d  
c h r o m a t o g r a p h i c  c o n d i t i o n s  a r e  p r e s e n t e d  i n  T a b l e s  4 . 2  
an d  4 . 3  r e s p e c t i v e l y .
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T a b l e  4 . 2  : T i n - 1 1 9  NMR d a t a  o b t a i n e d  f ro m  t h e  S h ip  
a n t i f o u l i n g  e l a s t o m e r  e x t r a c t
S i g n a l S(.11 9S n ) a  ± 0 . 1  ppm
1 1 5 6 .1
2 1 0 2 .4
3 -  1 6 1 .1
a M e a su re d  r e l a t i v e  t o  t e t r a m e t h y l t i n
T a b l e  4 . 3  : G a s - c h r o m a t o g r a p h i c  c o n d i t i o n s  u s e d  f o r  
t h e  s e p a r a t i o n  o f  n - b u t y l t i n  m o i e t i e s
I n s t r u m e n t  :
D e t e c t o r  :
Column L e n g th  :
tP a c k i n g  :
Column T e m p e r a t u r e  : 
D e t e c t o r  T e m p e r a t u r e  
C a r r i e r  Gas : 
Hydrogen  f l o w  r a t e  : 
A i r  P r e s s u r e  :
Pye  Unicam S e r i e s  104
Flame I o n i z a t i o n
10 f e e t  ( g l a s s )
10% SE-30 on 80 -1 2 0  mesh 
C e l i t e
200°C ( i s o t h e r m a l )
250°C
N i t r o g e n  a t  40 cm3 m in -1  
40 cm3 m in -1 
15 p . s . i .
t  The s t a t i o n a r y  p h a s e ,  S E -3 0 ,  c o n s i s t s  o f  a  m e t h y l  
s i l i c o n e  gum.
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P u r e  s a m p l e s  o f  t e t r a - n - p r o p y l t i n  (S n Pr i* ) ,  t r i - n - b u t y l -  
n - p r o p y l t i n  (Bu3 S n P r ) ,  d i - n - b u t y l d i - n - p r o p y l t i n  (Bu2 S n P r2 ) 
an d  n - b u t y l t r i - n - p r o p y l t i n  (B u S n P r3 ) w ere  p r e p a r e d  
a c c o r d i n g  t o  t h e  G r i g n a r d  m e th o d  d e s c r i b e d  i n  S e c t i o n  
3 . 3 . 1 .  P u r i t y  was c h e c k e d  c h r o m a t o g r a p h i c a l l y  and  by  
t i n - 119 NMR s p e c t r o s c o p y  w h e re u p o n  i t  was c o n f i r m e d  t h a t  
t h e  G r i g n a r d  r e a c t i o n  c o n d i t i o n s  and  s u b s e q u e n t  i s o l a t i o n  
s t e p s  d i d  n o t  i n d u c e  Sn-C b ond  c l e a v a g e .
R e f e r r i n g  t o  F i g u r e  4 . 2 ,  t h e  f i r s t  c h r o m a to g ra m ,  ( a ) ,  
i l l u s t r a t e s  t h e  b a s e l i n e  r e s o l u t i o n  o b t a i n a b l e  f o r  e a c h  
s t a n n a n e  u n d e r  t h e  c o n d i t i o n s  u s e d .  C hrom atog ram s  
( b )  and  ( c )  r e p r e s e n t i n g  t h e  m a r i n e - e x p o s e d  e l a s t o m e r  
r e s i d u e ,  c l e a r l y  i n d i c a t e  t h e  p r e s e n c e  o f  m ono- ,  d i -  
and  t r i - n - b u t y l t i n  m o i e t i e s  w i t h i n  t h e  c o a t i n g  m a t r i x .
T h e se  t r a c e s  a r e  t o  be  c o m p ared  w i t h  c h r o m a to g ra m  ( d )  
o b t a i n e d  f ro m  an a u t h e n t i c  a n t i f o u l i n g  e l a s t o m e r  
w h ich  h a d  n o t  b e e n  e x p o s e d  t o  a  m a r in e  e n v i r o n m e n t .  In
t h i s  s a m p l e ,  t h e r e  i s  no e v i d e n c e  o f  a n y  m o n o b u t y l t i n  
h a v i n g  b e e n  fo rm e d  d u r i n g  t h e  c o m p o u n d i n g / c u r i n g  p r o c e s s e s .  
T h e re  a r e ,  h o w e v e r ,  m e a s u r a b l e  am o u n ts  o f  d i b u t y l t i n  
s p e c i e s  and  t h i s  may i n d i c a t e  t h a t  some t h e r m a l l y -  
i n d u c e d  Sn-C bond  c l e a v a g e  t a k e s  p l a c e  d u r i n g  t h e  
c o a t i n g  f o r m u l a t i o n  p r o c e s s e s .
The a p p a r e n t  a b s e n c e  o f  t e t r a p r o p y l t i n  d e r i v e d  f ro m  
any  i n o r g a n i c  t i n  compounds p r e s e n t  ( e g ,  Sn02 , SnCli*, 
SnCl6~)  i s  p r o b a b l y  due  t o  t h e  r e l a t i v e  i n s o l u b i l i t y  
o f  s u c h  i n o r g a n i c  s p e c i e s  i n  t h e  s o l v e n t  u s e d  f o r  t h e  
S o x h l e t t  e x t r a c t i o n  p r o c e d u r e .
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F i g u r e  4 . 2  : Gas c h ro m a to g ra m s  f o r  ( a )  n - p r o p y l t i n  
s t a n d a r d s ,  (b )  s h i p  e l a s t o m e r  e x t r a c t ,
s h i p  e x t r a c t  and  ( d )  e l a s t o m e r  e x t r a c t  f ro m  a n o n —e x p o s e d  c o a t i n g  sa m p le
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4.3 An Attempt a t  Surface Analysis using Conversion Electron
Mossbauer Spectroscopy (C.E.M.S.)
4 . 3 . 1  I n t r o d u c t i o n
The a p p a r e n t  e x i s t e n c e  o f  o r g a n o t i n ( I V )  d e g r a d a t i o n  
p r o d u c t s  i n  t h e  m a r i n e - e x p o s e d  e l a s t o m e r  p r o m p t e d  a 
s t u d y  i n t o  t h e  p o s s i b l e  d e p t h - s e l e c t i v e  d i s t r i b u t i o n  
o f  h y d r o l y s i s  p r o d u c t s  t h r o u g h o u t  t h e  b u l k  o f  t h e  
c o a t i n g .  I f  h y d r o l y s i s - i n d u c e d  Sn-C b ond  c l e a v a g e  d o e s  
p l a y  a  m a j o r  r o l e  i n  t h e  d e g r a d a t i o n  o f  t r i o r g a n o t i n  
b i o c i d e s  i n  t h e s e  s y s t e m s ,  t h e n  i t  w ou ld  b e  r e a s o n a b l e  
t o  s u p p o s e  t h a t  t h e  m a j o r i t y  o f  t h e  h y d r o l y s i s  p r o d u c t s  
w ou ld  be  c o n c e n t r a t e d  a t  t h e  n e a r  s u r f a c e  r e g i o n s  o f  t h e  
c o a t i n g  m a t r i x  w h ere  w a t e r  a b s o r p t i o n  a t  t h e  e l a s t o m e r -  
e n v i r o n m e n t  i n t e r f a c e  t a k e s  p l a c e .
F u r t h e r ,  t h e  p o s s i b l e  s u r f a c e  e n r i c h m e n t  o f  s t a n n i c  o x i d e  
b r o u g h t  a b o u t  by t h e  e x h a u s t i v e  h y d r o l y s i s  o f  o r g a n o t i n  
m o i e t i e s  c o n t i n u o u s l y  d i f f u s i n g  t h r o u g h  t h e  c o a t i n g  
was a l s o  c o n s i d e r e d .
The f o l l o w i n g  e x p e r i m e n t  d e m o n s t r a t e d  t h e  u s e  o f  
M o ssb au e r  s p e c t r o s c o p y  i n  an a l t e r n a t i v e  mode u s i n g  an 
a p p r o p r i a t e  l a b o r a t o r y - b u i l t  d e t e c t i o n  s y s t e m .
4 . 3 . 2  C . E . M . S . ,  P r i n c i p l e s  and  D e t e c t i o n  S y s tem
An a l t e r n a t i v e  m echan ism  by  w h ic h  an e x c i t e d  s t a t e  
n u c l e u s  c a n  r e l a x ,  i s  by  t h e  p r o c e s s  o f  I n t e r n a l  
C o n v e r s i o n .
During t h e  I e = 3 /2  t o  Ig  = 1 /2  t r a n s i t i o n  o f  t i n - 1 1 9 m ,
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o n l y  a b o u t  17% o f  t h e  d e c a y  e v e n t s  r e s u l t  i n  t h e  
e m i s s i o n  o f  t h e  2 3 .8  keV y - p h o t o n  ( S e c t i o n  2 . 4 . 2 ) .
When i n t e r n a l  c o n v e r s i o n  t a k e s  p l a c e ,  t h e  n u c l e a r  
e n e r g y  i s  t r a n s f e r r e d  t o  an  L - s h e l l  e l e c t r o n  w h ich  i s  
t h e n  e j e c t e d  w i t h  an e n e r g y  o f  1 9 .6  keV. S u b s e q u e n t  
e l e c t r o n i c  r e a r r a n g e m e n t  a l s o  r e s u l t s  i n  t h e  e m i s s i o n  
o f  Auger  e l e c t r o n s  an d  x - r a y  p h o t o n s .  The m a j o r  e v e n t s  
d u r i n g  t h e  d e c a y  o f  t i n - 1 1 9 m  a r e  su m m ar ized  i n  T a b l e  4 . 4 .
T a b l e  4 . 4  : M ajor  e v e n t s  d u r i n g  t h e  d e c a y  o f  t h e  I = 3 / 2  
e x c i t e d  s t a t e  o f  t i n - 1 1 9 m
E m i s s i o n E n e rg y Number ( p e r  100)keV A b s o r p t i o n  E v e n t s
y - p h o t o n s 2 3 .8 17
X - r a y s 3 .6 9
L - c o n v e r s i o n  e l e c t r o n s 19 .6 83
LMM-Auger e l e c t r o n s 2 .8 74
The c o n v e r s i o n  e l e c t r o n s  w h ich  a r e  e j e c t e d  f o l l o w i n g  
r e s o n a n t  a b s o r p t i o n ,  a r e  r a p i d l y  a t t e n u a t e d  i n  m a t t e r  
an d  t h e r e f o r e  o n l y  t h o s e  w h ic h  h a v e  o r i g i n a t e d  f ro m  
t h e  n e a r  s u r f a c e  r e g i o n s  ('v 1 pm [ 2 ] )  w i l l  b e  d e t e c t e d .  
C o n s e q u e n t l y ,  a  M o ssb a u e r  s p e c t r u m ,  a c c u m u l a t e d  i n  
" b a c k s c a t t e r "  mode, c o n s i s t s  o f  a  p l o t  o f  e m i s s i o n  
i n t e n s i t y  v e r s u s  D o p p l e r  v e l o c i t y  and  i s  c h a r a c t e r i s t i c  
o f  t h e  u p p e r m o s t  r e g i o n s  o f  t h e  s u b s t r a t e .
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4 .  3.  2 . 1  D e t e c t i o n  System
C o n v e r s i o n  e l e c t r o n s  f ro m  t h e  s u r f a c e  o f  t h e  m a r i n e -  
e x p o s e d  ( s h i p )  s am p le  w ere  d e t e c t e d  u s i n g  a  C h a n n e l t r o n  
e l e c t r o n  m u l t i p l i e r .  The b a c k s c a t t e r  s p e c t r u m  f o r  t h i s  
s u r f a c e  was t h e n  c o m p ared  w i t h  t h a t  o b t a i n e d  f ro m  a 
f r e s h l y  p r e p a r e d  s u r f a c e  w i t h i n  t h e  b u l k  o f  t h e  same 
s a m p l e .  T h i s  was a c c o m p l i s h e d  b y  s l i c i n g  o f f  t h e  m a r i n e -  
e x p o s e d  s u r f a c e  a t  a d e p t h  o f  a b o u t  0 . 5  mm.
The e x p e r i m e n t a l  a r r a n g e m e n t  i s  shown t o  s c a l e  i n  
F i g u r e  4 . 3 .
Gamma r a y s  f ro m  t h e  t i n - 1 1 9  s o u r c e  e n t e r e d  t h e  vacuum 
c h a m b e r ,  m a i n t a i n e d  a t  l e s s  t h a n  10_lt t o r r ,  t h r o u g h  an  
a l u m i n i s e d  Mylar  window.  The a b s o r b e r  was m o un ted  on 
a  c o p p e r  b l o c k  m a c h in e d  s o  t h a t  i t s  s u r f a c e  was o r i e n t e d  
a t  45° t o  t h e  i n c i d e n t  beam. T h i s  b l o c k  was  f i x e d  
d i r e c t l y  t o  a  c o p p e r  r o d  c o l d - f i n g e r  w h ic h ,  when im m ersed  
i n  l i q u i d  n i t r o g e n ,  c o o l e d  t h e  b l o c k  an d  s a m p le  t o  77 K 
by c o n d u c t i o n .  The c h a n n e l t r o n  d e t e c t o r ,  t y p e  X919BL, 
f i x e d  i n  a  n y lo n  h o l d e r ,  was a r r a n g e d  so  t h a t  i t s  f r o n t  
e n t r y  window was p a r a l l e l  t o  a n d  a t  a  d i s t a n c e  o f  20 mm 
f ro m  t h e  a b s o r b e r .  Around t h e  e n t r y  window was p l a c e d  a  
h e m i s p h e r i c a l  g r i d  a c c e l e r a t o r ;  t h e  p o s i t i o n i n g  was s u c h  
t h a t  t h e  c h a n n e l t r o n  was j u s t  b e y o n d  t h e  f o c a l  p o i n t  o f  
t h e  h e m i s p h e r e .  When h e l d  a t  a  p o s i t i v e  p o t e n t i a l  w i t h  
r e s p e c t  t o  t h e  a b s o r b e r ,  t h i s  g r i d  p r o v i d e d  a  s i g n i f i c a n t  
im provem ent  i n  c o u n t i n g  e f f i c i e n c y  w i t h  no d e c r e a s e  i n  
s i g n a l  t o  n o i s e  r a t i o .  D u r i n g  o p e r a t i o n  o f  t h e  d e t e c t o r ,
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F i g u r e  4 . 3  : C r o s s - s e c t i on o f  vacuum s y s t e m  and t a r g e t  
d e t e c t o r  s y s t e m
p o s i t i v e  p o t e n t i a l s  o f  2604 v o l t s  a n d  50 v o l t s  were  
a p p l i e d  t o  t h e  c h a n n e l t r o n  a n d  t h e  h e m i s p h e r i c a l  g r i d  
r e s p e c t i v e l y .  The s y s t e m  was t h e n  e v a c u a t e d  t o  a b o u t  
10“ 5 t o r r  b e f o r e  c o o l i n g  t h e  s a m p le  a r e a  t o  77 K. Under  
t h e s e  c o n d i t i o n s ,  s p e c t r a  o f  t h e  q u a l i t y  shown i n  
F i g u r e s  4 . 4 ( a )  and  ( b )  w ere  o b t a i n e d  i n  a b o u t  s i x  d a y s .
4.4 Discussion and Conclusions
The r e s u l t s  o f  t h e  t r a n s m i s s i o n - m o d e  M o ss b a u e r  e x p e r i m e n t  
t o g e t h e r  w i t h  t h e  t i n - 1 1 9  NMR a n d  g a s - c h r o m a t o g r a p h y  
d a t a ,  c l e a r l y  d e m o n s t r a t e  t h e  l o n g - t e r m  e n v i r o n m e n t a l  
d e g r a d a t i o n  o f  t r i b u t y l t i n  s p e c i e s  i n  a  t y p i c a l  c o m m e r c i a l  
a n t i f o u l i n g  c o a t i n g  m a t r i x .  The d e g r a d a t i o n  p r o c e s s e s  
w ere  shown t o  i n v o l v e  t h e  s u c c e s s i v e  d e a l k y l a t i o n  o f  
t h e  o r i g i n a l  t r i o r g a n o t i n  m o i e t y  and  i t  i s  b e l i e v e d  
t h a t  h y d r o l y t i c  Sn-C b o n d  c l e a v a g e  i s  t h e  p r i n c i p a l  
m ech an ism  by w h ich  t h e s e  r e a c t i o n s  o c c u r .
S e v e r a l  w o r k e r s  hav e  c o n s i d e r e d  t h e  e n v i r o n m e n t a l  
d e g r a d a t i o n  o f  t r i o r g a n o t i n  compounds i n  a q u a t i c  m ed ia  
an d  t h e  h y p o t h e t i c a l  d e g r a d a t i o n  p a t h w a y s  f o r  TBTF and  
TBTO h a v e  b e e n  p r e s e n t e d  by  C a r d a r . e l l i  and  E v a n s  [3 ]  who 
i l l u s t r a t e d  how s t a n n i c  o x i d e  i s  fo rm e d  a s  t h e  f i n a l  
d e g r a d a t i o n  p r o d u c t .  S i m i l a r l y ,  t h e  e n v i r o n m e n t a l  
d e g r a d a t i o n  o f  TBTO was c o n s i d e r e d  by  S h e l d o n  [ 4 ] ,  t o  
i n v o l v e  t h e  i n i t i a l  f o r m a t i o n  o f  t h e  t r i o r g a n o t i n  
c a r b o n a t e ,  by r e a c t i o n  w i t h  c a r b o n  d i o x i d e ,  f o l l o w e d  by  
s u c c e s s i v e  d e b u t y l a t i o n  t o  y i e l d  s t a n n i c  o x i d e :
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F i g u r e  4 . 4 B a c k s c a t t e r  s p e c t r a  o b t a i n e d  f ro m  t h e  s h i p  
e l a s t o m e r  s a m p le  ( a )  m a r in e  e x p o s e d  
s u r f a c e ,  ( b )  a  f r e s h l y  p r e p a r e d  s u r f a c e
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c o 2 u v / m i c r o o r g a n i s m s
(Bu3S n ) 20 ------ ► (Bu3SnO)2CO (Bu2SnO)n
u v / m i c r o o r g a n i s m s u v / m i c r o o r g a n i s m s
Sn02 (BuSnO) n
OH
The f i r s t  s t a g e  o f  t h i s  d e g r a d a t i o n  scheme was s u p p o r t e d ,  
t o  some e x t e n t ,  by t h e  work o f  L a u g h l i n  e t  a l  [5 ]  who 
u s e d  t i n - 1 1 9  NMR s p e c t r o s c o p y  t o  d e m o n s t r a t e  t h e  p r e s e n c e  
o f  t r i b u t y l t i n - c a r b o n a t e , - o x i d e  and  - c h l o r i d e  i n  a  
c h l o r o f o r m  e x t r a c t  f ro m  a  s e a  w a t e r  s a m p le  (pH ^  8) 
o r i g i n a l l y  c o n t a i n i n g  TBTO.
The s u b s e q u e n t  h y d r o l y s i s  o f  t h e  d i o r g a n o  an d  mono- 
o r g a n o t i n  h y d r o l y s i s  p r o d u c t s  h a s  a l s o  b e e n  s t u d i e d  
by o t h e r  w o r k e r s  [ 6 - 8 ] .  F o r  e x a m p le ,  G ib b o n s  e t  a l  
d e m o n s t r a t e d  t h a t  when d i b u t y l t i n  d i c h l o r i d e  i s  s t i r r e d  
w i t h  w a t e r ,  an  i n s o l u b l e  compound i s  fo rm e d  w h ic h  
c o r r e s p o n d s  t o  t h e  a p p r o p r i a t e  b i s [ d i b u t y l h a l o t i n ( I V )  ] 
o x i d e .  The f o l l o w i n g  r o u t e s  w ere  s u g g e s t e d  t o  a c c o u n t  
f o r  t h e s e  o b s e r v a t i o n s :
Bu 2 S n C l2 + HOH + Bu2Sn-OH + HC1 ( 1 )
Cl
-HC1
Bu2Sn-OH + Bu2S nC l2 + Bu2S n -0 -S n B u 2 ( 2 )
Cl Cl Cl
-H20
Bu2Sn-0H + HO-SnBu2 -*■ Bu2 S n -0 -S n B u 2 ( 3 )
Cl Cl Cl Cl
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A l l e s t o n  e t  a l  h a v e  s t u d i e d  t h e  i n t e r m e d i a t e s  fo rm e d  
d u r i n g  t h e  h y d r o l y s i s  o f  d i a l k y l t i n ( I V )  compounds an d  
h a v e  p r o p o s e d  p o l y m e r i c  d i b u t y l t i n  o x i d e  a s  t h e  l a s t  
p r o d u c t  i n  t h e  e x h a u s t i v e  h y d r o l y s i s  o f  d i b u t y l t i n  
d i c h l o r i d e  u n d e r  b a s i c  c o n d i t i o n s .  The g e n e r a l i s e d  
r e a c t i o n  scheme was p r e s e n t e d  a s  f o l l o w s :
R2 SnX2 ■-* RitSn2X20 + R^Sn2X(0H)0 -> (R 2SnO)n
M ig d a l  [8 ]  e x t e n d e d  t h i s  work t o  show t h a t  h y d r o l y s i s  
o f  t e t r a b u t y l - 1 , 3 - d i c h l o r o d i s t a n n o x a n e  l e a d s  t o  t h e  
f o r m a t i o n  o f  a , u ) - d i c h l o r o o l i g o s t a n n o x a n e s  o f  t h e  t y p e  
C l (S n B u 20 ) n SnBu2Cl w h e re  n i s  c o n t r o l l e d  by  t h e  m o la r  
r a t i o  o f  b a s e  t o  d i s t a n n o x a n e .
M o n o a l k y l t i n s  a l s o  y i e l d  a  r a n g e  o f  p r o d u c t s  when 
s u b j e c t e d  t o  h y d r o l y s i s  and  L u i j t e n  [9 ]  h a s  o b s e r v e d  
m i x t u r e s  o f  compounds w h ic h  a r e  i n t e r m e d i a t e s  b e t w e e n  
a l k y l t i n  t r i c h l o r i d e s  an d  a l k a n e s t a n n o n i c  a c i d s  i n  
a q u e o u s  m e d ia .
C o n s i d e r i n g  t h e  h i g h  w a t e r  a b s o r b i n g  p r o p e r t i e s  o f  
n e o p r e n e - b a s e d  a n t i f o u l i n g  c o a t i n g s  ( 5 . 9  -  8.4% wt [ 1 ] )  
a n d  t h e  f i n d i n g s  o f  Sherman [10 ]  who d e m o n s t r a t e d  t h e  
h y d r o l y s i s  o f  TBTF w i t h i n  a  c o m m e r c i a l  c o n t r o l l e d -  
r e l e a s e  f o r m u l a t i o n ,  i t  i s  l i k e l y  t h a t  t h e  t r a n s m i s s i o n ­
mode M o ssb au e r  s p e c t r u m  o b t a i n e d  f ro m  t h e  m a r i n e - e x p o s e d  
e l a s t o m e r  r e p r e s e n t s  a c om plex  r a n g e  o f  d e g r a d a t i o n  
p r o d u c t s  fo rm e d  by d e b u t y l a t i o n  an d  h y d r o l y s i s  r e a c t i o n s .  
The M o ssb au e r  p a r a m e t e r s  c o r r e s p o n d i n g  t o  t h e  b e s t - f i t
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o f  t h e  e x p e r i m e n t a l  d a t a  c o u l d  n o t  b e  r e l a t e d  t o  s p e c i f i c  
o r g a n o t i n  compounds o f  t h e  t y p e s  c i t e d  i n  t h e  r e f e r e n c e s ,  
s i n c e  t i m e  d i d  n o t  a l l o w  t h e  p r e p a r a t i o n  o f  a p p r o p r i a t e l y  
d i s p e r s e d  a u t h e n t i c  e l a s t o m e r  s a m p l e s .  However ,  t h e  
t i n - 1 1 9  NMR d a t a  g i v e n  i n  T a b l e  4 . 5  a r e  c o n s i s t e n t  w i t h  
t h e  p r e s e n c e  o f  t r i b u t y l t i n  c h l o r i d e ,  t r i b u t y l t i n  s t e a r a t e  
[ S ( 119Sn) = + 1 0 2 .4  ppm] a n d ,  p o s s i b l y ,  d i b u t y l t i n b i s -  
( s t e a r a t e )  a s  e x t r a c t a b l e  m o i e t i e s .  The f o r m a t i o n  o f  t h e  
b i s ( s t e a r a t e )  d e r i v a t i v e  i n  c o a t i n g  f o r m u l a t i o n s  was 
p r e v i o u s l y  d i s c u s s e d  i n  S e c t i o n  3 . 2 . 2 .
A sa m p le  o f  t e t r a b u t y l - 1 , 3 - d i c h l o r o d i s t a n n o x a n e , one 
p o s s i b l e  d e g r a d a t i o n / h y d r o l y s i s  p r o d u c t ,  was p r e p a r e d  by  
f u s i n g  t o g e t h e r  e q u i m o l a r  a m o u n ts  o f  d i b u t y l t i n  d i c h l o r i d e  
a n d  d i b u t y l t i n  o x i d e .  The r e s u l t i n g  w h i t e  s o l i d  m e l t e d  
i n  t h e  r a n g e  1 0 4 - 1 0 7 °C an d  was s o l u b l e  . i n  common n o n ­
p o l a r  s o l v e n t s .  T in - 1 1 9  NMR a n a l y s i s  o f  t h e  m a t e r i a l  
i n  d e u t e r i o c h l o r o f o r m  s o l u t i o n  p r o d u c e d  a s p e c t r u m  
c o n s i s t i n g  o f  two r e s o n a n c e s  t o  h i g h - f i e l d  o f  t e t r a -  
m e t h y l t i n .  A b s o r p t i o n  i n  t h i s  r e g i o n  u s u a l l y  c o r r e s p o n d s  
t o  compounds i n  w hich  t h e  t i n  a to m  h a s  a  c o o r d i n a t i o n  
number o f  g r e a t e r  t h a n  f o u r  [ 1 1 ] .  T h i s  was c o n f i r m e d  
by  t i n - 1 1 9  M ossbauer  a n a l y s i s  o f  t h e  p u r e  compound i n  
w h ich  t h e  b r o a d e n e d  l i n e  s h a p e s  i n d i c a t e d  t h e  p r e s e n c e  
o f  m u l t i p l e  t i n  s i t e s .  L o r e n t z i a n  l i n e s  r e p r e s e n t i n g  
two u n r e s o l v e d  q u a d r u p o l e  d o u b l e t s  w e re  m o d e l l e d  t o  t h e  
d a t a  an d  t h e  M ossbauer  p a r a m e t e r s ,  a l o n g  w i t h  t h e  NMR 
d a t a ,  a r e  g i v e n  i n  T a b le  4 . 5 .  The r e l e v a n t  t i n - 1 1 9  NMR
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and Mossbauer s p e c t r a  are  shown in  F ig u r e  4 . 5 .
Tab le  4 . 5  : T in -1 1 9  NMR and Mossbauer d a ta  O b ta in ed
f o r  p u r e  t e t r a b u t y l - 1 , 3 - d i c K l o r d d i S t a n n d x a n e
6 (119Sn)a 
±0. lppm
6b
±0.0211ms-1 iO.O^nms-1
cP±0.05
r
±0.0211ms-1
Rela t ive  
Mossbauer Line 
Area ± 5%
-  90.4 1.18 3.22 2.73 1.02 33
-  138.1 1.49 3.20 2.15 1.02 67
a  C h em ica l  s h i f t  m e a s u re d  r e l a t i v e  t o  t e t r a m e t h y l t i n
i n  d e u t e r i o c h l o r o f o r m .
b I so m e r  s h i f t  m e a s u re d  r e l a t i v e  t o  b a r i u m  s t a n n a t e  
w i t h  t h e  a b s o r b e r  a t  80 K.
c The r a t i o  AEq / 6 .
The NMR an d  M o ssb a u e r  d a t a  c l e a r l y  d e m o n s t r a t e  t h e  
p r e s e n c e  o f  two n o n - e q u i v a l e n t  t i n  s i t e s  i n  t h i s  
m o l e c u l e  a s  i n d i c a t e d  by  D a v i e s  e t  a l  [ 1 2 ] .  F u r t h e r ,  
t h e i r  o b s e r v a t i o n  t h a t  t h e  d i s t a n n o x a n e  p o s s e s s e s  two 
p e n t a c o o r d i n a t e  t i n  a to m s  d i s t r i b u t e d  i n  a  l a d d e r  
n e t w o r k  ( I )  i s  s u p p o r t e d  by  t h e  f i n d i n g s  o f  H e r b e r  
e t  a l  [13 ]  who s u g g e s t e d  t h a t  t h e  c o o r d i n a t i o n  number  
c a n  b e  o b t a i n e d  f r o m  p,  t h e  r a t i o  o f  q u a d r u p o l e  s p l i t t i n g  
(AEq ) t o  i s o m e r  s h i f t  (<5), and  t h a t  f o r  a  v a l u e  o f  
p g r e a t e r  t h a n  2 . 1 ,  p e n t a c o o r d i n a t i o n  c a n  b e  a s s u m e d .
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VELOCITY cnrvsEC)
F i g u r e  4 . 5  : ( a )  T in - 1 1 9  NMR an d  ( b )  M ossbauer  s p e c t r a  
o b t a i n e d  f o r  ( C 1 B u 9 S n ) >>0
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The d i f f e r e n c e  i n  i s o m e r  s h i f t  f o r  e a c h  d o u b l e t ,  
i l l u s t r a t e s  t h e  d i f f e r e n c e  i n  s - e l e c t r o n  d e n s i t y  a t  
e a c h  o f  t h e  t i n  n u c l e i  ( a )  and  ( b )  a s  a  r e s u l t  o f  
c o o r d i n a t i o n  w i t h  t h e  o xygen  an d  c h l o r i n e  a to m s  
r e s p e c t i v e l y .  T h i s  e x am p le  o f  a  s i n g l e  o r g a n o t i n  compound 
w i t h  c h e m i c a l l y  n o n - e q u i v a l e n t  t i n - s i t e s ,  shows how a  
c om plex  M o ssb au e r  s p e c t r u m  o f  t h e  t y p e  o b t a i n e d  f ro m  
t h e  m a r i n e - e x p o s e d  e l a s t o m e r  c a n  e a s i l y  r e s u l t  f ro m  t h e  
p r e s e n c e  o f  r e l a t i v e l y  few  d e g r a d a t i o n / h y d r o l y s i s  
p r o d u c t s .
The b a c k s c a t t e r  s p e c t r a  i n d i c a t e  t h e  n e e d  f o r  im p ro v e m e n t s  
i n  e x p e r i m e n t a l  d e s i g n  a s  t h e  p r o l o n g e d  a c c u m u l a t i o n  
t i m e s ,  n e c e s s a r y  b e c a u s e  o f  t h e  low s u r f a c e  t i n  
c o n c e n t r a t i o n ,  l e d  t o  l a r g e  b a c k g r o u n d  c o u n t s  an d  p o o r  
s i g n a l  t o  n o i s e  r a t i o s  f o r  e a c h  s p e c t r u m ,  F i g u r e s  4 . 4 ( a )  
an d  ( b ) .  In  s p i t e  o f  t h i s ,  h o w e v e r ,  b o t h  s p e c t r a  w e re  
o b v i o u s l y  d o m in a t e d  by  a  v e r y  b r o a d  a b s o r p t i o n  l i n e  a t  
c a  z e r o  mm s _1 and  in  t h a t  r e s p e c t  t h e y  d i f f e r  m a r k e d l y
t o  t h e  t r a n s m is s io n - m o d e  spe c tru m  in  F ig u r e  4 . 1 .
The f i t t e d  p a r a m e t e r s  a r e  g i v e n  i n  T a b l e  4 . 6 .
T a b l e  4 . 6  : B a c k s c a t t e r  M o ssb a u e r  p a r a m e t e r s  o b t a i n e d  
f ro m  a  c o m m e r c i a l  a n t i f e u l i n g  e l a s t o m e r  
s a m p l e ;  ( a )  m a r i n e - e x p o s e d  s u r f a c e  
( 2 . 5  y e a r s )  arid ( b )  f r e s h l y  e x p o s e d  s u r f a c e
S u r f a c e
t y p e
6
± 0 . 0 5  mms“ 1 “ Q1 ± 0 . 0 5  mms” 1
r
± 0 . 0 5  mms-1 x 2
( a ) -  0 . 0 1 0 . 0 0 1 . 2 4 154
( b ) + 0 . 0 8 0 . 0 0 1 . 76 194
1 D a t a  f i t t e d  a s  a  b r o a d  s i n g l e t  i n  e a c h  c a s e ,  a l t h o u g h  
t h e  l a r g e  l i n e  w i d t h s  c o u l d  i n d i c a t e  t h e  e x i s t e n c e  
o f  u n r e s o l v a b l e  q u a d r u p o l e  d o u b l e t s
The z e r o  v e l o c i t y  p e a k  was a t t r i b u t e d  t o  t h e  p r e s e n c e  
o f  s t a n n i c  o x i d e  fo rm ed  a s  t h e  f i n a l  o r g a n o t i n ( I V )  
d e g r a d a t i o n  p r o j e c t  and  t h i s  i s  o f f e r e d  a s  s u p p o r t i v e  
e v i d e n c e  f o r  p r o p o s e d  h y d r o l y t i c  d e g r a d a t i o n  m e c h a n ism s  
d i s c u s s e d  e a r l i e r .
The s p e c t r u m  o b t a i n e d  f ro m  t h e  f r e s h l y  e x p o s e d  s u r f a c e  
o f  t h i s  s a m p le  d i d  n o t  r e v e a l  t h e  p r e s e n c e  o f  o r g a n o t i n  
m o i e t i e s  i n  q u i t e  t h e  e x p l i c i t  manner  t h a t  was  h o p e d  
f o r .  I n d e e d ,  t h e  o n l y  i n d i c a t i o n  t h a t  o r g a n o t i n  
compounds w ere  p r e s e n t  i n  a d d i t i o n  t o  s t a n n i c  o x i d e ,  
came f ro m  t h e  o b s e rv e d  l i n e  b r o a d e n i n g  o f  t h e  z e r o
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v e l o c i t y  p e a k  an d  t h e  asym m etry  i n  b a c k g r o u n d  c o u n t s  
a b o u t  t h i s  r e g i o n .  I t  i s  q u i t e  c l e a r  t h a t  some b a c k -  
s c a t t e r  h a s  o c c u r r e d  i n  t h e  p o s i t i v e  v e l o c i t y  r e g i o n  
o f  2 . 5  -  4 . 0  mm s ” 1 . However ,  t h e  s i g n a l  t o  n o i s e  
r a t i o  i s  e x t r e m e l y  p o o r ;  F i g u r e  4 . 4 ( b ) .
The m ain  d i f f i c u l t i e s  i n  o b s e r v i n g  t h e  o r g a n o t i n ( I V )  
compounds ( a p p a r e n t  i n  t h e  t r a n s m i s s i o n - m o d e  s p e c t r u m )  
when u s i n g  t h e  b a c k s c a t t e r  t e c h n i q u e  a r i s e  f ro m  t h e  
v e r y  low c o n c e n t r a t i o n s  o f  s u c h  m a t e r i a l s  i n  t h e  
s c a t t e r i n g  t h i c k n e s s  ( ^  1 pm) and  i n  t h e  r e l a t i v e l y  
low r e c o i l - f r e e  f r a c t i o n s  o f  o r g a n o t i n s  a s  c o m p a re d  
w i t h  i n o r g a n i c  t i n  compounds s u c h  a s  s t a n n i c  o x i d e .
F o r  e x a m p le ,  S t o c k i e r  [1 4 ]  an d  B a r b i e r i  [15 ]  h a v e  
c a l c u l a t e d  t h e  r e c o i l - f r e e  f r a c t i o n s  o f  s e v e r a l  
o r g a n o t i n ( I V )  compounds a t  80 K an d  an a p p r o x i m a t e  
r a n g e  f o r  t h i s  q u a n t i t y  w ou ld  a p p e a r  t o  b e  0 . 0 6  -  0 . 4  
d e p e n d i n g  on t h e  p a r t i c u l a r  compound s t u d i e d .  H e r b e r ,  
h o w e v e r ,  r e p o r t s  a  r e c o i l - f r e e  f r a c t i o n  f o r  s t a n n i c  o x i d e  
a t  room t e m p e r a t u r e  o f  0 .4 9 7  ± 0 .0 0 6  [ 1 6 ] .  S i n c e  t h i s  
q u a n t i t y  w i l l  i n c r e a s e  s u b s t a n t i a l l y  a t  t h e  e x p e r i m e n t a l  
t e m p e r a t u r e  o f  77 K, i t  i s  o b v i o u s  t h a t  t h e  p r e s e n c e  o f  
s t a n n i c  o x id e ,  e v e n  i n  s m a l l  a m o u n t s ,  w i l l  d o m i n a t e  t h e  
r e s u l t a n t  M o ssb au e r  s p e c t r a .  I t  i s  b e l i e v e d ,  t h e r e f o r e ,  
t h a t  t h e  M ossbauer  s p e c t r a  o f  o r g a n o t i n  compounds  w h ic h  
a r e  p r e s e n t  i n  t h e  m a r i n e - u n e x p o s e d  e l a s t o m e r  s a m p l e ,  
a r e  masked by t h e  s p e c t r u m  o b t a i n e d  f ro m  t h e  s m a l l  b u t  
s i g n i f i c i a n t  q u a n t i t i e s  o f  s t a n n i c  o x i d e  on t h e  s u r f a c e .
The M o ssb a u e r  d a t a  i n  F i g u r e  4 . 4 ( b )  f o r  t h e  f r e s h l y  
p r e p a r e d  s u r f a c e  w ere  t e n t a t i v e l y  f i t t e d  a s  a  s i n g l e t  
an d  a  q u a d r u p o l e  d o u b l e t  i n  o r d e r  t o  im p ro v e  t h e  q u a l i t y  
o f  f i t  i n  t h e  p o s i t i v e  v e l o c i t y  r e g i o n .  The f o l l o w i n g  
p a r a m e t e r s  w ere  so  o b t a i n e d :
6 1 = 0 .0 0  mm s " 1 , AEn = 0 . 0 0  mm s - 1 , r = 1 .2 2  mm s - 1 , 
R e l .  A rea  58%
6 2 = 1 .4 9  mm s ” 1 , AEq = 2 .8 2  mm s " 1, r  = 1 .0 2  mm s ” x , 
R e l .  A rea  42%
The s t a t i s t i c a l  im provem en t  i n  t h e  q u a l i t y  o f  f i t  was  
e v i d e n t  i n  t h e  r e d u c e d  x 2 v a l u e  o f  171 ( c f  x 2 = 194)  
an d  t h e  M o ssb a u e r  p a r a m e t e r s  f o r  t h e  f i r s t  q u a d r u p o l e  
d o u b l e t  a r e  n o t i c e a b l y  s i m i l a r  t o  t h o s e  o b t a i n e d  f o r  t h e  
t r i b u t y l t i n - c o n t a i n i n g  e l a s t o m e r s  d i s c u s s e d  in  
C h a p t e r  3 .  The m o d i f i e d  f i t  i s  shown in  F i g u r e  4 . 6 .
The o n l y  p r a c t i c a l  way o f  i m p r o v i n g  t h e  q u a l i t y  o f  t h e  
b a c k s c a t t e r  s p e c t r a  o b t a i n e d  in  t h i s  s t u d y  w o u ld  b e  t o  
employ much l o w e r  a b s o r b e r  t e m p e r a t u r e s ,  p o s s i b l y  by  t h e  
u s e  o f  a  pumped h e l i u m  o r  l i q u i d  h e l i u m - c o o l e d  c r y o s t a t ,  
an d  t o  u s e  a  more  a c t i v e  s o u r c e  t h a n  t h e  one  u s e d  h e r e  
( i n i t i a l  a c t i v i t y  15 m Ci) .  However ,  t h e  e x e r c i s e  d i d  
d e m o n s t r a t e  t h e  p o t e n t i a l  u t i l i t y  o f  b a c k s c a t t e r  
(C .E .M .S  j  M o ssb a u e r  s p e c t r o s c o p y  i n  s u r f a c e  a n a l y s i s  
and  w i t h  t h e  r e f i n e m e n t s  m e n t i o n e d  a b o v e ,  i t  s h o u l d  b e  
p o s s i b l e  t o  a p p l y  t h e  t e c h n i q u e  t o  more i n f o r m a t i v e  
s t u d i e s  o f  i n d u s t r i a l l y  i m p o r t a n t  s u b s t r a t e s  b e a r i n g  
M ossbauer  a c t i v e  i s o t o p e s .
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F i g u r e  4 . 6  : F r e s h l y  e x p o s e d  s u r f a c e  o f  m a r in e  a n t i -
f o u l i n g  e l a s t o m e r  o b t a i n e d  f ro m  s h i p * s  h u l l
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CHAPTER 5 : VARIABLE TEMPERATURE MOSSBAUER STUDIES OF
TRI-N-BUTYLTIN CHLORIDE IN THE PURE STATE 
AND IN ELASTOMERIC MEDIA
5.1 Introduction
In  C h a p t e r  3,  i t  was s u g g e s t e d  t h a t  t h e  m a jo r  c o n v e r s i o n  
p r o d u c t  fo rm e d  d u r i n g  t h e  c u r i n g  o f  t h e  t r i - n - b u t y l t i n -  
c o n t a i n i n g  e l a s t o m e r s  was t r i - n - b u t y l t i n  c h l o r i d e  (TBTC1). 
I t  was a l s o  n o t e d ,  h o w e v e r ,  t h a t  t h e  M o ssb a u e r  p a r a m e t e r s  
f o r  t h i s  compound i n  an e l a s t o m e r i c  m a t r i x  d i f f e r e d  f ro m  
t h o s e  o f  t h e  p u r e  compound an d  i t  was s u g g e s t e d  t h a t  a 
p o s s i b l e  b i o c i d e - p o l y m e r  ( o r  p o l y m e r  co m p o n e n t )  i n t e r a c t i o n  
may hav e  c a u s e d  t h e  d i s c r e p a n c y .
In  t h i s  s t u d y ,  v a r i a b l e  t e m p e r a t u r e  M o ssb a u e r  s p e c t r o s c o p y  
( v . t .  M . s . )  was u s e d  t o  p r o b e  t h e  v i b r a t i o n a l  b e h a v i o u r  
o f  t h e  t i n  n u c l e u s  o f  t h e  TBTC1 m o l e c u l e  i n  t h r e e  d i f f e r e n t  
s y s t e m s .  T hese  w e r e :
( i )  t h e  p u r e  s t a t e  
( i i )  s o l v e n t  c a s t  i n t o  n e o p r e n e  a t  2.5% by  w t .
( i i i )  p a r t  o f  t h e  a u t h e n t i c  a n t i f o u l i n g  e l a s t o m e r  
f o r m u l a t i o n ;  AFR 3644 .
The a im s  o f  t h i s  work w ere  t o  d e t e r m i n e  i f  t h e r e  w ere  
any  d i f f e r e n c e s  i n  t h e  v i b r a t i o n a l  b e h a v i o u r  an d  
w h e t h e r  t h e s e  c o u l d  be  r e l a t e d  t o  s t r u c t u r a l  c h a n g e s .
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5.2 Theory
The r e c o i l - f r e e  f r a c t i o n  ( f )  o r  t h e  p r o b a b i l i t y  o f  an 
e m i s s i o n  o r  a b s o r p t i o n  e v e n t  o c c u r r i n g  w i t h o u t  phonon  
i n t e r a c t i o n s  was b r i e f l y  d i s c u s s e d  i n  S e c t i o n  2 . 4 . 1 .
A r e l a t i o n s h i p  b e tw e e n  f  and  t h e  mean s q u a r e  v i b r a t i o n a l  
a m p l i t u d e  o f  t h e  M o ssb a u e r  a to m ,  <X2> was g i v e n  a s :
f -  4 t t  <X2 >f  = exp ( 1 8 )
S i n c e  t h i s  v i b r a t i o n a l  a m p l i t u d e  i s  t e m p e r a t u r e  d e p e n d e n t ,  
t h e n  f  i s  a l s o  t e m p e r a t u r e  d e p e n d e n t  and  i t  i s  p o s s i b l e  
t o  e x t r a c t  c h e m i c a l  i n f o r m a t i o n  on t h e  e n v i r o n m e n t  o f  t h e  
M ossbauer  a tom  by  m o n i t o r i n g  f  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  
T.
The Debye model  o f  s o l i d s  [1]  l e a d s  t o  an e x p r e s s i o n  f o r  
f  o f  t h e  fo rm :
f ( T) = exp - 3Er 1 + 4 f  T  ' 2
r0D/T  . I  x  dx
3kB0D ®D ^ J ■ 1
/~stH1X<Do
4
( 1 9 )
w h ere  t h e  r e c o i l  e n e r g y  ( C h a p t e r  2 ) ,  = E2 /2Me ^ c 2 ,
0^  i s  t h e  Debye t e m p e r a t u r e  o f  t h e  s o l i d  an d  k D i s  t h e
D  JD
B o l tzm an n  c o n s t a n t .
In  t h e  h i g h  t e m p e r a t u r e  l i m i t  w h e re  T > ©p/2 ,
en /T  .D x dx
/ x 1 \( e  -  1)
g o e s  t o  ©p/T a n d  h e n c e :
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f ( T ) D
2 .0.
T
D . ( 1 9 a )
' -3E d 6E 'Tlb lb ( 2 0 )
T h e r e f o r e ,  f o r  an i d e a l  m ona tom ic  i s o t r o p i c  c u b i c  s o l i d ,  
t h e  s l o p e  o f  t h e  p l o t  o f  l n f ( T )  v e r s u s  t e m p e r a t u r e  w ould  
be  g i v e n  b y :
C l e a r l y ,  s i n c e  t h e  m a t e r i a l s  e x a m in e d  i n  t h i s  s t u d y  do 
n o t  f u l f i l  t h e  Debye c r i t e r i a ,  i e  t h a t  t h e y  b e  com posed  
o f  a  m onatom ic  i s o t r o p i c  a r r a y  o f  a t o m s ,  i t  w o u ld  be  
u n r e a s o n a b l e  t o  a t t a c h  t o o  much p h y s i c a l  s i g n i f i c a n c e  
t o  t h e  Debye t e m p e r a t u r e  e x t r a c t e d  f ro m  e q u a t i o n  ( 2 1 ) .
F o r  c o m p a r a t i v e  p u r p o s e s ,  h o w e v e r ,  i t  i s  j u s t i f i a b l e  t o  
assum e t h a t  t h e  s m a l l e r  t h e  Debye t e m p e r a t u r e ,  t h e  l a r g e r  
i s  t h e  mean s q u a r e  d i s p l a c e m e n t  o f  t h e  M o ssb a u e r  a to m .  
T h u s ,  b y  c o m p a r in g  t h e  s l o p e s  d e r i v e d  f rom  f ( T )  v e r s u s  T 
p l o t s ,  i t  s h o u l d  b e  p o s s i b l e  t o  c h a r a c t e r i s e  t h e  t i g h t n e s s  
w i t h  w h ich  t h e  t i n  a tom  i s  bound  i n  t h e  l a t t i c e ,  and  
h e n c e  t h e  d e g r e e  o f  m o l e c u l a r  a s s o c i a t i o n .
F o r  t h i n  a b s o r b e r s  ( S e c t i o n  2 . 4 . 3 ,  M o ssb au e r  t h i c k n e s s ,  
t  << 5 ) ,  t h e  a r e a ,  A, u n d e r  t h e  s p e c t r a  e n v e l o p e  a n d  
f ( T )  a r e  l i n e a r l y  r e l a t e d  and  t h e  Debye model p r e d i c t s
d [ l n f ( T ) ] 
dT ( 2 1 )
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t h a t  p l o t s  o f  ln A (T )  v e r s u s  t e m p e r a t u r e  a r e  l i n e a r .
U nde r  t h e s e  c o n d i t i o n s ,  t h e  t h i n  a b s o r b e r  a p p r o x i m a t i o n  
l e a d s  t o :
d l n ( A )  _ ~6ER _ - 3EV
dT "  -  (Me f f c ^ ) k B0 ^
The two unknowns i n  e q u a t i o n  ( 2 2 )  a r e  t h e  Debye 
t e m p e r a t u r e  an d  t h e  e f f e c t i v e  v i b r a t i n g  m ass  o f
t h e  a b s o r b i n g  a tom .
5.3 Experimental and Results
M o ssb a u e r  s p e c t r a  w ere  r e c o r d e d  o v e r  t h e  t e m p e r a t u r e  
r a n g e  1 2 .5  -  60 K u s i n g  t h e  D i s p l e x  c r y o s t a t  and  A i r  
P r o d u c t s  t e m p e r a t u r e  c o n t r o l l e r  d e s c r i b e d  i n  C h a p t e r  2 .
The m ethod  o f  c a l c u l a t i n g  an a p p r o p r i a t e  s a m p le  mass  t h a t  
f u l f i l l e d  t h e  t h i n  a b s o r b e r  c r i t e r i o n  was i l l u s t r a t e d  
i n  C h a p t e r  2.  T a b le  5 . 1  l i s t s  t h e  s a m p le  m a s s e s  u s e d  i n  
t h i s  s t u d y  and  t h e  v a l i d i t y  o f  t h e  t h i n  a b s o r b e r  
a p p r o x i m a t i o n  i s  t e s t e d  f o r  a s sum ed  f - v a l u e s  o f  0 .0 6  
a n d  0 . 4 :
T a b l e  5 . 1  : Sample m a ss e s  and  M o ssb a u e r  t h i c k n e s s  v a l u e s  
f o r  TBTC1 in  v a r i o u s  s y s t e m s
A b s o rb e r TBTC1(mg)
119Sn C o n t e n t  
( mg cm- 2 )
t
( f  = 0 . 0 6 )
t
( f  = 0 . 4 )
TBTC1 ( p u r e ) 7 8 .7 0 .7 9 0 .  17 1 .1 2
N e o p re n e 3, 1 4 .2 0 .0 9 0 . 0 2 0 . 1 3
AFR 3644b 4 5 .6 0 .2 9 0 .0 6 0 . 4 1
a  S o l v e n t - c a s t  n e o p r e n e  f i l m  c o n t a i n i n g  TBTC1 a t  2.5% 
by w e i g h t
b A u t h e n t i c  m a r in e  a n t i f o u l i n g  e l a s t o m e r  c o n t a i n i n g  
TBTC1 a t  2.5% by  w e i g h t
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In  T a b l e  5 . 1  i t  i s  o b s e r v e d  t h a t  t  << 5 f o r  a l l  a b s o r b e r s  
a n d ,  t h e r e f o r e ,  i t  i s  v a l i d  t o  a ssum e t h a t  t h e  
t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  M o ssb a u e r  a b s o r p t i o n  l i n e  
a r e a  (A (T ) )  i s  l i n e a r l y  r e l a t e d  t o  t h e  t e m p e r a t u r e  
d e p e n d e n c e  o f  t h e  r e c o i l - f r e e  f r a c t i o n  an d  e q u a t i o n  (2 0 )  
may b e  r e - w r i t t e n :
A(T) = Aq exp - 3 e r  6 e r  t
2kB0D "
( 2 3 )
The g r a d i e n t  o f  t h e  l o g a r i t h m i c  f o rm  o f  t h i s  e x p r e s s i o n  
( e q u a t i o n  22)  was d e t e r m i n e d  f o r  e a c h  a b s o r b e r  by  
c a l c u l a t i n g  t h e  t o t a l  a b s o r p t i o n  a r e a  and  p l o t t i n g  InA 
( n o r m a l i s e d )  a s  a f u n c t i o n  o f  t e m p e r a t u r e .  F o r  e a c h  
a b s o r p t i o n  p e a k ,  t h e  n o r m a l i s e d  a r e a  was o b t a i n e d  by 
e v a l u a t i n g :
(B a c k g ro u n d  C o u n t s  -  C o u n t s  a t  A b s o r p t i o n )
a = r
e x ^ B a c k g ro u n d  C o u n ts
w h ere  Texp  was t h e  e x p e r i m e n t a l  f u l l  w i d t h  a t  h a l f  h e i g h t  
f o r  e a c h  a b s o r p t i o n  l i n e .
To f a c i l i t a t e  d a t a  c o m p a r i s o n ,  t h e  c a l c u l a t e d  a b s o r p t i o n  
l i n e  a r e a s  f o r  e a c h  s a m p le  w ere  n o r m a l i s e d  t o  t h e  b a s e  
t e m p e r a t u r e  v a l u e  o f  1 2 .5  K. T h u s ,  g r a p h s  w ere  a c t u a l l y  
p l o t t e d  o f  l n [ A ( T ) / A ( 1 2 . 5K )] v e r s u s  t e m p e r a t u r e .  The 
e x p e r i m e n t a l  r e s u l t s  a r e  g i v e n  i n  T a b l e  5 .2  an d  t h e  
c o r r e s p o n d i n g  p l o t s  a r e  shown i n  F i g u r e s  5 . 1 ( a )  -  ( c ) .
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In 
[A
(T
)/A
(1
2.5
 
K)
]
0 . 0 0 0
0 . 1 0 0
0 . 2 0 0
0 .3 0 0
0 .400
S lo p e0 .5 0 0
0 .6 0 0
0 .7 0 0
0 .8 0 0
0 .9 0 0
1 . 0 0 0
10 20 30 40 6050
T/K
F i g u r e  5 . 1 ( a )  : T e m p e r a t u r e  d e p e n d e n c e  o f  n o r m a l i s e d
a b s o r p t i o n  l i n e  a r e a  f o r  n e a t  TBTC1
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In 
[A
(T
)/A
(1
2.
5K
)]
0 .000
-  0 . 1 0 0
-  0 . 2 0 0
-  0 .3 0 0
-  0 .4 0 0
-  0 .5 0 0
-  0 .6 0 0
-  0 .7 0 0
-  0 .8 0 0
-  0 .9 0 0
-  1 . 0 0 0
S lo p e  = -  1 .6 4  x 10 2 K~
605040302010
T/K
F i g u r e  5 . 1 ( b )  : T e m p e r a t u r e  d e p e n d e n c e  o f  n o r m a l i s e d
a b s o r p t i o n  l i n e  area f o r  TBTC1 d i s p e r s e d  
in  n e o p r e n e  a t  2.5% w t .
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In 
[A
(T
)/A
(1
2.
5)
]
0 . 1 0 0 -
0 . 2 0 0 -
0 .3 0 0  —
0 . 4 0 0 -
0 .5 0 0  —
0 . 6 0 0 -
0 .7 0 0  -
0 .8 0 0  —
0 .9 0 0
1 . 000
605040302010
T/K
F i g u r e  5 . 1 ( c )  : T e m p e r a t u r e  d e p e n d e n c e  o f  n o r m a l i s e d
a b s o r p t i o n  l i n e  a r e a  f o r  TBTC1 i n  an  
a u t h e n t i c  a n t i f o u l i n g  c o a t i n g  (AFR 3644)
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Table  5 .2  : V a r i a b l e  t e m p era tu re  Mossbauer a b s o r p t i o n
l i n e  a r e a s  f o r  t h e  TBTC1 e x p e r i m e n t s  
r e c o r d e d  o v e r  a  t e m p e r a t u r e  r a n g e  o f  
1 2 .5  -  60 K
T ln[ACT) VAC 12. 5 K) ]
(± 1 .0  K) P u r e  TBTC1 N eo p ren e APR 3644
1 2 .5 0 .0 0 0 0 .0 0 0 0 .0 0 0
2 0 .0 -  0 .1 0 2 -  0 .1 2 6 -  0 .0 7 8 6
3 0 .0 -  0 .2 2 7 -  0 .2 5 1 -  0 .2 0 3
4 0 .0 -  0 .3 4 8 -  0 .5 2 3 -  0 . 3 8 2
5 0 .0 -  0 .4 4 3 -  0 .7 3 6 -  0 .5 8 8
6 0 .0 -  0 . 6 1 4 -  0 .8 7 6 -  0 . 7 7 8
5.4 Discussion
The t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  r e c o i l l e s s  f r a c t i o n  
f o r  n e a t  TBTC1 a n d  t h e  s o l v e n t - c a s t  n e o p r e n e  s y s t e m  
was o b s e r v e d  t o  b e  p r a c t i c a l l y  l i n e a r  o v e r  t h e  e x p e r i ­
m e n t a l  t e m p e r a t u r e  r a n g e ,  and  i t  w as ,  t h e r e f o r e ,  
j u s t i f i a b l e  t o  a p p l y  t h e  Debye model  i n  t h e  h i g h  
t e m p e r a t u r e  l i m i t  t o  o b t a i n  an  e s t i m a t e  o f  0^  f o r  t h e s e  
m a t e r i a l s .
The f u n c t i o n  lnA (T )  f o r  t h e  a u t h e n t i c  a n t i f o u l i n g  
e l a s t o m e r  s a m p le  was ,  h o w e v e r ,  n o n - l i n e a r  o v e r  t h e  same 
t e m p e r a t u r e  r a n g e  and  s i n c e  t h e r e  w ere  no s i g n i f i c a n t  
v a r i a t i o n s  in  i so m e r  s h i f t  ( 6 )  o r  q u a d r u p o l e  s p l i t t i n g  
(AEq ) w i t h  t e m p e r a t u r e ,  t h i s  n o n - l i n e a r i t y  was n o t
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Table  5 . 3  : Mossbauer p a r a m e te r s  o b t a in e d  from t h e
TBTCl v a r i a b l e  t e m p e r a t u r e  s t u d i e s
A b s o r b e r <S(± 0.05 
ran's.'1) .
AEh (± 0.05 
mri. s -1 ) .
r
(± 0.05 
irm s -1 ) .
aP(± 0.05)
P u r e  TBTCl 
N e o p re n e  S y s te m  
AFR 3644
1 .5 4
1 .4 7
1 .40
3 .4 4
2 .9 7
2 .8 0
0 . 8 9
1 .1 1
0 .9 8
2 . 2 3
2 .0 2
2 .0 0
a p i s  t h e  r a t i o  AEq / <5 ( S e c t i o n  4 . 2 ) .  F o r  p > 2 . 1 ,  
p e n t a c o o r d i n a t i o n  a t  t h e  t i n  a tom  can  be  a s s u m e d .
V a l u e s  l e s s  t h a n  2 . 1  i n d i c a t e  f o u r - c o o r d i n a t i o n .
See R. H e r b e r ,  H. A. S t o c k i e r  and  W. T. R e i c h l e ,  J .  Chem. 
P h y s . , 42 ,^ 2447 ( 1 9 6 5 ) .
c o n s i d e r e d  t o  b e  t h e  r e s u l t  o f  s t r u c t u r a l  c h a n g e s  i n  t h e  
TBTCl m o l e c u l e  ( T a b l e  5 . 3 ) .  To e x p l a i n  t h e  d e v i a t i o n  
f ro m  n o n - l i n e a r i t y ,  i t  was n e c e s s a r y  t o  c o n s i d e r  t h e  
a p p a r e n t l y  a n h a r m o n ic  n a t u r e  o f  t h e  p o t e n t i a l  i n  w h ic h  
t h e  t i n  a to m s  w ere  v i b r a t i n g .  In  t h e  a n t i f o u l i n g  
e l a s t o m e r  s u c h  v i b r a t i o n a l  a n h a r m o n i c i t y  was c o n s i d e r e d  
t o  be  t h e  l i k e l y  r e s u l t  o f  e i t h e r  c o o r d i n a t i v e  i n t e r a c t i o n s  
b e tw e e n  TBTCl m o l e c u l e s  an d  t h e  c h l o r i n e  s i t e s  o f  t h e  
p o l y m e r  b a c k b o n e  a n d / o r  b o n d i n g  i n t e r a c t i o n s  b e tw e e n  
TBTCl an d  t h e  h i g h l y  a b u n d a n t ,  s u r f a c e  a c t i v e  c a r b o n  
b l a c k  p a r t i c l e s .  The t e m p e r a t u r e  d e p e n d e n c e  o f  InA was 
v e r y  m arked  in  t h i s  s y s t e m  s u g g e s t i n g  a  l a r g e  d e g r e e  o f
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v i b r a t i o n a l  a n i s o t r o p y .
B o y le  e t  a l  [2 ]  o b s e r v e d  a  n o n - l i n e a r  t e m p e r a t u r e  
d e p e n d e n c e  f o r  t h e  r e c o i l l e s s  f r a c t i o n  o f  m e t a l l i c  t i n  
i n  t h e  t e m p e r a t u r e  r a n g e  0^ t o  4 0 ^ ,  w h e re  0^ f o r  t i n  i s  
142 K. They d e m o n s t r a t e d  t h a t  t h e  n o n - l i n e a r i t y  was due 
t o  a n h a r m o n i c i t y  i n  t h e  <X2> o f  t h e  t i n  a to m .  The 
e f f e c t  o f  t h e r m a l  e x p a n s i o n  on t h e  D e b y e - W a l l e r  f a c t o r ,  
W, was c o n s i d e r e d  by Z e n e r  a n d  B e l i n s k y  [3 ]  and  i t  was 
shown t h a t :
3 K T  ' * * ■ » < * - I v lMe2k 0 2D L
w h e re  R i s  t h e  g a s  c o n s t a n t ,  K i s  t h e  i s o t h e r m a l  
c o m p r e s s i b i l i t y ,  3 i s  t h e  h i g h  t e m p e r a t u r e  volume 
e x p a n s i o n  c o e f f i c i e n t  a n d  V i s  t h e  m o la r  v o lu m e .  The 
r e c o i l l e s s  f r a c t i o n ,  f ,  i s  r e l a t e d  t o  t h e  D e b y e - W a l l e r  
f a c t o r  by  t h e  e x p r e s s i o n :
f  = exp (-2W) ( 2 5 )
an d  i t  was t h e r e f o r e  p o s s i b l e  t o  f i t  t h e  e x p e r i m e n t a l  
r e s u l t s  t o  an e q u a t i o n  o f  t h e  f o rm :
InA = K -  AT -  BT2 ( 2 6 )
w h ere  t h e  q u a d r a t i c  t e r m  t a k e s  i n t o  a c c o u n t  v i b r a t i o n a l  
a n h a r m o n i c i t y .  I t  was t h e n  p o s s i b l e  t o  a p p l y  N e w t o n ' s  
Approx im a t  i o n :
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( v n + i  “  ( v n -  H ( 0 D) ] / F ' [ ( 0 D)] (27)
w h e r e :
,3E2 o+  A Q 2 -  ..AU D Me2 k g (2 8 )
an d  F » [ ( 0 D)]  = + 2A0D ( 2 9 )
t o  e v a l u a t e  an e s t i m a t e  o f  0g f o r  e a c h  e x p e r i m e n t .  The 
f i n a l  v a l u e s  f o r  t h e  p a r a m e t e r s  K, A, B an d  0g a r e  g i v e n  
i n  T a b l e  5 . 4 .
The s m a l l  m a g n i tu d e  o f  t h e  B c o e f f i c i e n t  i n  t h e  f i t  f o r  
n e a t  TBTC1 i n d i c a t e s  t h e  l i n e a r i t y  o f  t h e  f u n c t i o n  ln A (T )  
f o r  t h i s  e x p e r i m e n t .  C o n s e q u e n t l y ,  t h e  d a t a  w ere  
r e f i t t e d  a c c o r d i n g  t o  t h e  l i n e a r  r e l a t i o n s h i p :
a s  p r e d i c t e d  by  t h e  Debye model  i n  t h e  h i g h  t e m p e r a t u r e  
l i m i t .  L i n e a r  r e g r e s s i o n  a n a l y s i s  o f  t h e  d a t a  y i e l d e d  
an e q u a t i o n  o f  s l o p e  d l n ( A ) / d T  = -  1 .2 5  x 10“ 2 w h i c h ,  
when s u b s t i t u t e d  i n t o  e q u a t i o n  ( 2 2 )  an d  t a k i n g  M ^ ^  a s  t h e  
r e l a t i v e  m o l e c u l a r  mass o f  TBTC1, p r o d u c e d  a  Debye 
t e m p e r a t u r e  o f  7 2 . 4  K. T h i s  was i n  e x c e l l e n t  a g r e e m e n t  
w i t h  t h e  v a l u e  p r e d i c t e d  by t h e  a n h a r m o n ic  o s c i l l a t o r  
model  u s e d  p r e v i o u s l y .  T h u s ,  t h e  Debye m o d e l ,  i n  t h e  
h i g h  t e m p e r a t u r e  l i m i t ,  a p p e a r e d  t o  p r e d i c t  a d e q u a t e l y  
t h e  l a t t i c e  v i b r a t i o n a l  b e h a v i o u r  o f  n e a t  TBTC1 an d  i t  was 
c o n s i d e r e d  j u s t i f i a b l e  t o  a p p l y  e q u a t i o n  ( 2 0 )  t o  a
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Table 
5.4 
: 
Parameters 
derived 
from 
fitting 
InA 
- 
K 
- 
AT 
- 
BT2 
to 
experimental 
data 
in 
the
c a l c u l a t i o n  o f  t h e  r e c o i l - f r e e  f r a c t i o n  a t  t h e  commonly 
a d o p t e d  e x p e r i m e n t a l  t e m p e r a t u r e  o f  80 K. As t h e  v a r i a b l e  
t e m p e r a t u r e  s t u d i e s  w ere  c o n d u c t e d  o v e r  t h e  r a n g e  1 2 .5  -  
60 K, i t  h a d  t o  be  a s sum ed  t h a t  l i n e a r i t y  was m a i n t a i n e d  
up t o  80 K.
S i n c e  t h e  r e c o i l  e n e r g y ,  E^ ,  may be  e x p r e s s e d  a s  E^./2Me ^ ^ c 2 , 
e q u a t i o n  ( 2 0 )  may be  r e - w r i t t e n :
f ( T )  = exp
-3 E 2Y
2Me f f ° 2kB
1 2T 
20^  0^~'D D
( 3 1 )
w here  t h e  e f f e c t i v e  v i b r a t i n g  m a ss ,  m u s t ,  a t  t h i s
s t a g e ,  be  a s su m e d  t o  e q u a l  t h e  r e l a t i v e  m o l e c u l a r  mass  
o f  TBTC1.
T h u s ,  f o r  0^  = 7 2 . 4  K, E = 2 3 .8 7 5  keV, M -» = 3 2 5 .4 9  u D y ’ e f f
and  T = 80 K,
-3(23.875 x 103) 2 x 1.602 x 10"19f(80K) = exp
2 x 325.49 x 931.5 x 106 x 1.381 x 10“23
( 1 + 2 x 80
2 x 72.4 (72 .4 )2
f(80K) = exp ( -  32.71 x 0.037)
f(80K) = exp (-1 .21)
f(80K) = 0.30
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5.5 Conclusions
V a r i a b l e  t e m p e r a t u r e  s t u d i e s  o f  TBTC1 i n  t h r e e  d i f f e r e n t  
s y s t e m s  have  r e v e a l e d  t h a t :
( a )  i n  t h e  p u r e  s t a t e ,  i n  t h e  r a n g e  1 2 .5  -  60 K,
TBTC1 m o l e c u l e s  a u t o a s s o c i a t e  v i a  c h l o r i n e  
b r i d g i n g  b o n d s  t o  p r o d u c e  p e n t a c o o r d i n a t e  t i n  
m o i e t i e s .  The a b s e n c e  o f  any  l i n e  b r o a d e n i n g  in  
t h e  M ossbaue r  s p e c t r a  s u g g e s t s  t h a t  t h i s  a u t o ­
a s s o c i a t i o n  l e a d s  t o  e i t h e r  q u i t e  l o n g - c h a i n  
p o l y m e r i c  s t r u c t u r e s  i n  w h ic h  t h e  t e r m i n a l  g r o u p s  
( i e  f o u r  c o o r d i n a t e  t i n  m o i e t i e s )  do n o t  make a  
s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  s p e c t r a l  e n v e l o p e  
o r ,  t h e  TBTC1 m o i e t i e s  h a v e  p a i r e d  up t o  p r o d u c e  
d i m e r i c  s t r u c t u r e s  b a s e d  on t h e  c i s -  o r  m e r -  
p e n t a c o o r d i n a t e  g e o m e t r i e s .  The s t r u c t u r e s  t o  be  
c o n s i d e r e d  c a n  be  r e a d i l y  d i s t i n g u i s h e d  by c o m p a r i n g  
t h e  m a g n i tu d e  o f  t h e  o b s e r v e d  q u a d r u p o l e  s p l i t t i n g  
w i t h  t h o s e  o b t a i n e d  f ro m  p a r t i a l  q u a d r u p o l e  s p l i t t i n g  
( p . q . s . )  c a l c u l a t i o n s  u s i n g  t h e  a d d i t i v e  model  
p r o p o s e d  by  B a n c r o f t  e t  a l  f o r  t h e  f i v e - c o o r d i n a t e  
s t r u c t u r e s  g i v e n  b e lo w  [ 4 ] s
Cl Bu Bu
✓Bu .Bu Cl
Bu  Sn' C l  Sn Bu SnC
> C 1
Cl
( I )
Cl
( I I )
Bu
( I I I )
t r a n s - c i s - m e r -
-  171 -
The d e r i v e d  e x p r e s s i o n  f o r  A E ^ ^ ,  AE and
AEQ(III) are:
AE ( I )  = 2 [ C l ] t b a  + 2 [ C l ] t b a  -  3 [ B u ] t b e  ( 3 2 )
y  2 [ B u ] t b a  -  8[BU]t b e  + 2 [ C l ] t b a  + 5 [ C l ] t b e  AEQ(II) m
(3 3 )
o p t )  - i tbs. p t >  * i "tbs . .  n r - i "tboAE «  zilBu] ^JBu] L^ICIJ  (34)
w h e r e : 
t b e[Bu] ( t r i g o n a l - b i p y r a m i d a l - e q u a t o r i a l ) = -  1 .1 3  mm s  
t  b a[Bu] ( t r i g o n a l - b i p y r a m i d a l - a p i c a l ) = -  0 . 9 4  mm s
t b e[ C l ]  ( t r i g o n a l - b i p y r a m i d a l - e q u a t o r i a l )  = + 0 . 2 0  mm s  
t  ba[C l]  ( t r i g o n a l - b i p y r a m i d a l - a p i c a l )  = 0 . 0 0  mm s
T h u s :
AEq ^ j  ^ = 3 . 3 9  mm s ” 1
AEq ( h ) = 2 .2 6  mm s -1
AEq ( i h ) = 3 .8 0  mm s -1
C l e a r l y ,  AE^^^^ c o r r e s p o n d i n g  t o  t h e  t r a n s - t r i g o n a l  
b i p y r a m i d a l  s t r u c t u r e  i s  i n  c l o s e s t  a g r e e m e n t  w i t h  
t h e  e x p e r i m e n t a l l y  m e a s u re d  v a l u e  o f  3 . 4 4  mm s _1 
and  t h i s  w ould  s u g g e s t  t h a t  a t  t e m p e r a t u r e s  b e lo w  
60K, TBTC1 m o l e c u l e s  a u t o a s s o c i a t e  t o  fo rm  p o l y m e r  
s t r u c t u r e s  c o n t a i n i n g  l i n e a r  Cl— Sn— Cl b r i d g i n g  b o n d s
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Bu Bu Bu
C l  —  Sn <— Cl
/  \Bu Bu Bu
AEn ( o b s e r v e d )  = 3 . 4 4  ± 0 . 0 5  mm s _ 1 , p . q . s  
AEn ( c a l c )  = 3 .3 9  mm s -1
W i t h i n  t h i s  p o ly m e r  s t r u c t u r e ,  t h e  l i n e a r  t e m p e r a t u r e  
d e p e n d e n c e  o f  InA i n d i c a t e s  t h a t  t h e  t i n  a to m s  a r e  
a b l e  t o  v i b r a t e  i s o t r o p i c a l l y  a b o u t  t h e i r  mean 
p o s i t i o n s .  The r e s u l t a n t  i n c r e a s e  i n  e f f e c t i v e  
v i b r a t i n g  mass  i s  c o n s i s t e n t  w i t h  o b s e r v e d  h i g h  
v a l u e  o f  f ( 8 0 K ) .
( b )  In  t h e  s o l v e n t - c a s t  n e o p r e n e  e x p e r i m e n t ,  t h e  
v a r i a b l e  t e m p e r a t u r e  d a t a ,  when f i t t e d  t o  t h e  
a n h a r m o n i c  o s c i l l a t o r  model  ( e q u a t i o n  2 6 ) ,  
d e m o n s t r a t e d  a  v e r y  s m a l l  a n h a r m o n i c ,  B, t e r m  
w h ic h  was w e l l  w i t h i n  t h e  e r r o r  l i m i t s  (AB) 
a s s o c i a t e d  w i t h  t h i s  f i t .  The t e m p e r a t u r e  
d e p e n d e n c e  o f  InA w a s ,  t h e r e f o r e ,  r e g a r d e d  a s  a  
l i n e a r  f u n c t i o n  in  t h e  t e m p e r a t u r e  r a n g e  s t u d i e d .
The s u b s t a n t i a l l y  r e d u c e d  q u a d r u p o l e  s p l i t t i n g  
p a r a m e t e r  ( T a b l e  5 . 3 )  r e l a t i v e  t o  t h e  p u r e  
compound,  s u g g e s t s  t h a t  t h e  a s s o c i a t e d  s t r u c t u r e  
d e s c r i b e d  p r e v i o u s l y  i s  l a r g e l y  b r o k e n  down by 
d i l u t i o n  i n  t h e  n e o p r e n e  m a t r i x ,  The r a t i o ,
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p = 2 . 0 2 ,  i n d i c a t e s  t h a t  t h e  TBTC1 now e x i s t s  a s  
a  f o u r  c o o r d i n a t e  compound a n d ,  s i n c e  i t s  
v i b r a t i o n a l  b e h a v i o u r  i s  a p p a r e n t l y  h a r m o n i c ,  
t h e  e v i d e n c e  a l s o  i n d i c a t e s  t h a t  TBTC1 h a s  b e e n  
d i s p e r s e d  a s  d i s c r e t e  t e t r a h e d r a l  m o l e c u l e s  i n  t h e  
p o ly m e r  medium. The r e d u c e d  v a l u e  o f  t h e  Debye 
t e m p e r a t u r e  and  t h e  r e c o i l l e s s  f r a c t i o n  ( T a b l e  5 . 4 )  
i n d i c a t e  a  s i g n i f i c a n t  r i s e  i n  t h e  mean s q u a r e  
v i b r a t i o n a l  a m p l i t u d e  o f  t h e  t i n  a to m ,  w h ic h  w o u ld  
be  c o n s i s t e n t  w i t h  t h e  e n h a n c e d  v i b r a t i o n a l  
f r e e d o m  p o s s e s s e d  by  a  n o n - a s s o c i a t e d  fo rm  o f  
TBTC1.
( c )  In  t h e  a n t i f o u l i n g  c o a t i n g  f o r m u l a t i o n ,  t h e
r a t i o ,  p = 2 . 0 0 ,  s u g g e s t s  t h a t  t h e  t i n  n u c l e i  
e x i s t  i n  f o u r - c o o r d i n a t e  g e o m e t r i e s  an d  t h e  TBTC1 
m o l e c u l e s  m u s t ,  t h e r e f o r e ,  b e  p r e s e n t  a s  d i s c r e t e  
m o i e t i e s  i n  t h i s  m a t r i x .  R e f e r e n c e  t o  T a b l e  5 . 4 ,  
h o w e v e r ,  r e v e a l s  t h a t  t h e  c h a n g e  i n  c o o r d i n a t i o n  
f ro m  f i v e  t o  f o u r  h a s  n o t  b e e n  a c c o m p a n ie d  by  an 
e x p e c t e d  d e c r e a s e  i n  r e c o i l l e s s  f r a c t i o n ,  f .
I n d e e d  t h e  c a l c u l a t e d  v a l u e  o f  f (8 0 K )  = 0 . 3 4  i s  
t y p i c a l  o f  t h e  f i v e - c o o r d i n a t e  g e o m e t r y  e x h i b i t e d  
by n e a t  TBTC1 a t  t h i s  t e m p e r a t u r e .  T h e r e f o r e ,  i t  
can  o n l y  be  assum ed  t h a t  a l t h o u g h  t h e  TBTC1 
m o l e c u l e s  do e x i s t  a s  f o u r - c o o r d i n a t e  s t r u c t u r e s ,  
e a c h  m o i e t y  i s  u n d e r  t h e  i n f l u e n c e  o f  some 
c o n s t r a i n i n g  f o r c e ( s )  t h a t  i s  e f f e c t i v e l y  
r e s t r i c t i n g  t h e  v i b r a t i o n a l  f r e e d o m  o f  t h e  t i n
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n u c l e i .  T h e se  c o n s t r a i n t s  a r e  e v i d e n t  i n  t h e  
n o n - l i n e a r  t e m p e r a t u r e  d e p e n d e n c e  o f  InA w h ic h  
i n d i c a t e s  t h e  n u c l e i  a r e  v i b r a t i n g  w i t h i n  an  
a n h a r m o n ic  p o t e n t i a l .
One p o s s i b l e  e x p l a n a t i o n  f o r  t h e  a n o m a l o u s l y  h i g h  
f - v a l u e  a n d  i t s  p r o n o u n c e d  n o n - l i n e a r  v a r i a t i o n  
w i t h  t e m p e r a t u r e  ( T a b l e  5 . 4 ) ,  c o u l d  b e  t h e  
e x i s t e n c e  o f  a m o d e r a t e l y  s t r o n g  p o l y m e r - o r g a n o t i n  
i n t e r a c t i o n .  T h i s  t y p e  o f  a s s o c i a t i o n  was n o t  
e v i d e n t  in  t h e  s o l v e n t - c a s t  n e o p r e n e  e x p e r i m e n t .  
H ow ever ,  t h e  d i s p e r s i o n  o f  TBTC1 by s o l v e n t  
c a s t i n g  was n o t  c a r r i e d  o u t  u n d e r  t h e  e l e v a t e d  
t e m p e r a t u r e  and  p r e s s u r e  c o n d i t i o n s  e m p lo y ed  i n  
t h e  u s u a l  c u r i n g  p r o c e s s .
The s m a l l  p v a l u e  i n d i c a t e s  t h a t  t h e  f o u r - c o o r d i n a t e  
g e o m e t r y  o f  t h e  TBTC1 m o i e t y  i s  p r e s e r v e d  d u r i n g  
t h i s  i n t e r a c t i o n ,  b u t  t h e  f o r c e s  i n v o l v e d  a r e  
c l e a r l y  s u f f i c i e n t l y  b i n d i n g  t o  s u b s t a n t i a l l y  
r e d u c e  t h e  v i b r a t i o n a l  f r e e d o m  o f  t h e  n u c l e u s .
In  t h e  l i g h t  o f  t h i s  i n f o r m a t i o n ,  t h e r e f o r e ,  
s t r u c t u r e s  b a s e d  on a u t o a s s o c i a t i o n  i n t o  p o l y m e r s  
o r  d i m e r s ,  a s  w e l l  a s  t h o s e  i n v o l v e d  c o o r d i n a t i o n  
o f  t h e  t i n  a tom s w i t h  a v a i l a b l e  c h l o r i n e  s i t e s  
on t h e  p o ly m e r  c h a i n s  m ust  be  e x c l u d e d ,  e g :
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An a l t e r n a t i v e  e x p l a n a t i o n  i n v o l v e s  i n t e r a c t i o n  
o f  t h e  o r g a n o t i n  w i t h  t h e  c a r b o n - b l a c k  f i l l e r  
a b u n d a n t  i n  c o a t i n g  f o r m u l a t i o n .  Y u rc h e n k o  e t  
a l  [5]  i n  t h e i r  s t u d i e s  o f  a  s e r i e s  o f  t i n ( I I ) -  
c o n t a i n i n g  t r a n s i t i o n  m e t a l  c o m p l e x e s ,  o b s e r v e d  
s i g n i f i c a n t  i n c r e a s e s  i n  t h e  r e c o i l l e s s  f r a c t i o n s  
f o r  t h e s e  compounds when a d s o r b e d  o n t o  s u r f a c e  
a c t i v e  m a t e r i a l s  s u c h  a s  s i l i c a  ( S i 0 2 ) ,  a l u m i n a  
(A120 3 ) an d  m a g n e s ia  (MgO). They p o s t u l a t e d  t h e  
e x i s t e n c e  o f  s t r o n g  c h e m i c a l  b o n d s  b e tw e e n  t h e  
c o m p le x e s  and  t h e  s u r f a c e  a c t i v e  g r o u p s  s u c h  t h a t  
e a c h  m o l e c u l e  was e f f e c t i v e l y  " a n c h o r e d "  i n t o  
p o s i t i o n  on t h e  s u b s t r a t e .
I t  i s  p o s s i b l e  t h a t  s i m i l a r  s u r f a c e  r e a c t i o n s  
o c c u r  i n  t h e  e l a s t o m e r  f o r m u l a t i o n  b e t w e e n  t h e  
o r g a n o t i n  and t h e  c a r b o n - b l a c k  p a r t i c l e s .  I f  
p h y s i c a l  o r  c h e m i s o r p t i v e  b o n d i n g  f o r c e s  o p e r a t e ,  
t h e n  i t  i s  c o n c e i v a b l e  t h a t  t h i s  a n c h o r i n g  p r o c e s s  
i s  r e s p o n s i b l e  f o r  t h e  h i g h  f - v a l u e  an d  t h e  
a n i s o t r o p i c  n a t u r e  o f  s u c h  b o n d i n g  h a s  r e s u l t e d  i n  
t h e  n o n - l i n e a r i t y  o f  t h e  f u n c t i o n  l n A ( T ) .
The c o n c e p t  o f  i n t e r c a l a t i o n  was i n t r o d u c e d  i n  
S e c t i o n  3 . 2 . 4 ,  a l t h o u g h  t h e  e x i s t e n c e  o f  t h i s  
e f f e c t  w i t h  TBTC1 i n  c a r b o n - b l a c k  a n d  s y n t h e t i c  
g r a p h i t e  was n o t  d e m o n s t r a t e d  u s i n g  x - r a y  
d i f f r a c t o m e t r y . I f  t h e  e l e v a t e d  t e m p e r a t u r e  an d  
p r e s s u r e  c o n d i t i o n s  o f  t h e  p o ly m e r  c u r i n g  p r o c e s s  
a r e  e n e r g e t i c a l l y  f a v o u r a b l e  t o w a r d s  e x p a n s i o n  o f  
t h e  i n t e r p l a n a r  s p a c i n g  i n  g r a p h i t e  c a r b o n ,  t h e n  
i n  p r i n c i p l e ,  i t  would  b e  p o s s i b l e  f o r  compounds 
i n c l u d i n g  TBTC1 t o  become i n t e r c a l a t e d  b e t w e e n  t h e  
c a r b o n  a tom  l a y e r s .
W he the r  o r  n o t  t h i s  h a s  i n d e e d  o c c u r r e d ,  r e m a i n s  
t o  b e  d e m o n s t r a t e d .  H ow ever ,  i t  i s  a p p r e c i a t e d  
t h a t  t h e  h i g h l y  a n i s o t r o p i c  n a t u r e  o f  t h e  b o n d i n g
[6]  b e tw e e n  h o s t  an d  g u e s t  s p e c i e s  w o u ld  b e  
c o n s i s t e n t  w i t h  a  n o n - l i n e a r  t e m p e r a t u r e  d e p e n d e n c e  
o f  InA.
A l t h o u g h  t h e s e  v a r i a b l e  t e m p e r a t u r e  s t u d i e s  h a v e  
r e v e a l e d  a d d i t i o n a l  b o n d i n g  i n t e r a c t i o n s  b e t w e e n  TBTC1 
and  one  o r  more o f  t h e  c o a t i n g  i n g r e d i e n t s ,  t h e  a c t u a l  
n a t u r e  o f  t h e s e  i n t e r a c t i o n s  h a s  n o t  b e e n  u n a m b i g u o u s l y  
e l u c i d a t e d .  I t  i s  a p p a r e n t  t h a t  w h e t h e r  t h e  i n t e r a c t i o n s  
a r e  b a s e d  upon a  n e o p r e n e / o r g a n o t i n  o r  p e r h a p s  a  c a r b o n  
b l a c k / o r g a n o t i n  a s s o c i a t i o n ,  t h e  f o u r  c o o r d i n a t e  g e o m e t r y  
o f  t h e  t i n  n u c l e u s  i s  p r e s e r v e d  i n d i c a t i n g  t h a t  f o r  t h e  
m a j o r i t y  o f  t h e  TBTC1 t h e r e  i s  no c o o r d i n a t i v e  b o n d i n g  
w i t h  o t h e r  l i g a n d s  i n  t h e  s y s t e m .  P r i m a r y  e v i d e n c e  f o r
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t h i s  c o n c l u s i o n  comes f rom  s m a l l  p - v a l u e  a n d  t h e  
a b s e n c e  o f  l i n e  b r o a d e n i n g  due  t o  d i f f e r e n t  t i n  s i t e s .
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CHAPTER 6 : THE EFFECTS OF ORGANOTIN TOXICANTS ON THE
CURING OF NEOPRENE-BASED ANTIFOULING
ELASTOMERS
6.1 Introduction
The c r o s s l i n k i n g  s y s t e m  em p lo y ed  i n  c u r i n g  t h e  b a s i c  
n e o p r e n e  f o r m u l a t i o n  g i v e n  i n  S e c t i o n  3 . 1  ( T a b l e  3 . 1 )  
c o n s i s t s  o f  a  c o m b i n a t i o n  b e tw e e n  z i n c  o x i d e ,  c a l c i n e d  
m agnes ium  o x i d e  and  t h e  o r g a n i c  a c c e l e r a t o r  t e t r a m e t h y l -  
t h i u r a m  d i s u l p h i d e  (TMTD). A l t h o u g h  t h e  c h e m i s t r y  
b e h i n d  t h e  c r o s s l i n k i n g  r e a c t i o n  i s  s t i l l  n o t  f u l l y  
u n d e r s t o o d ,  i t  h a s  b e e n  p o s t u l a t e d  t h a t  t h e  i n i t i a l  s t e p  
i n  z i n c  o x i d e  c r o s s l i n k i n g  i s  t h e  f o r m a t i o n  o f  an 
a l l y l i c  c a r b o c a t i o n  by t h e  r e a c t i o n  o f  t h e  a l l y l i c  
c h l o r i d e  m o i e t y  w i t h  t h e  z i n c  s p e c i e s  [ 1 ] :
In  a  s i m i l a r  s t u d y  o f  z i n c  o x i d e  c r o s s l i n k i n g ,  Vukov h a s  
s u g g e s t e d  t h a t  t h e  c u r i n g  m echan ism  i n v o l v e s  i n i t i a l  
d e h y d r o c h l o r i n a t i o n  t o  p r o d u c e  d i e n e  s t r u c t u r e s  a n d  z i n c  
o x y c h l o r i d e  o r  z i n c  c h l o r i d e  a s  t h e  L e w is  a c i d  c a t a l y s t s  
r e q u i r e d  f o r  t h e  c r o s s l i n k i n g  r e a c t i o n  [ 2 ] :
CH2
ch2
II—  CH2—  C— CH—  + ZnO-»
Cl n
n + [ClZnO]
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Cl
ZnO
+ [ZnOCl]H o r  ZnCl2
C r o s s l i n k i n g  i s  t h e n  c o n s i d e r e d  t o  p r o c e e d  v i a  a 
c a t i o n i c a l l y  i n d u c e d  o l i g o m e r i z a t i o n  r e a c t i o n  t o  p r o d u c e  
c a r b o n - c a r b o n  b o n d s  i n  a  manner  s i m i l a r  t o  t h a t  
o r i g i n a l l y  p r o p o s e d  by E a ld w in  e t  a l  [ 3 ] :
ZnCl Cl
Cl
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K u n tz  e t  al^ a l s o  d e m o n s t r a t e d  t h a t  t h e  r a t e  o f  t h e  
c r o s s l i n k i n g  r e a c t i o n  i n  z i n c  o x i d e  c u r e d  c h l o r o b u t y l  
r u b b e r  was i n c r e a s e d  by  a  f a c t o r  o f  t h r e e  f o l l o w i n g  t h e  
a d d i t i o n  o f  a  s m a l l  amount  o f  s t e a r i c  a c i d  [ 1 ] .  The 
i m p o r t a n t  r o l e  p l a y e d  by t h i s  m a t e r i a l  i n  t h e  k i n e t i c s  
o f  t h e  c u r i n g  p r o c e s s e s  i s  t h o u g h t  t o  a r i s e  f ro m  i t s  
a b i l i t y  t o  s o l u b i l i z e  t h e  z i n c  s p e c i e s  i n  t h e  e l a s t o m e r  
by  c o n v e r t i n g  i t  t o  z i n c  s t e a r a t e .  The f o r m a t i o n  o f  
e l a s t o m e r - s o l u b l e  z i n c  m e r c a p t i d e  s p e c i e s  s u c h  a s  z i n c  
b i s ( d i m e t h y l d i t h i o c a r b a m a t e )  i n  TMTD a c c e l e r a t e d  s y s t e m s  
i s  a l s o  w e l l  r e c o g n i s e d  [ 4 ] .
I t  i s  c l e a r ,  t h e n ,  t h a t  any s i d e  r e a c t i o n s  t h a t  i n t e r f e r e  
w i t h  t h e  f o r m a t i o n  o f  t h e s e  s o l u b i l i z e d  f o rm s  o f  z i n c  
must  h a v e  some e f f e c t  on t h e  c u r i n g  k i n e t i c s  o f  n e o p r e n e  
c r o s s l i n k i n g .
The a im s  o f  t h e  f o l l o w i n g  e x p e r i m e n t s  w ere  t o  d e m o n s t r a t e  
t h e  e f f e c t s  o f  t h e  p r e s e n c e  o f  v a r i o u s  o r g a n o t i n  b i o c i d e s  
on t h e  c u r e  c h a r a c t e r i s t i c s  o f  t h e  b a s i c  c o a t i n g  
f o r m u l a t i o n ,  and  a l s o  t o  i n d i c a t e  how some o r g a n o t i n s  
may i n t e r f e r e  w i t h  t h e  c r o s s l i n k i n g  r e a c t i o n  by 
c o n s u m in g  some o f  t h e  com p o n en ts  n e c e s s a r y  f o r  t h e  
s o l u b i l i z a t i o n  o f  z i n c  i n  t h e  e l a s t o m e r  m a t r i x .
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6.2 Experimental
6 . 2 . 1  T orque  R h eo m et ry
I t  i s  p o s s i b l e  t o  m o n i t o r  t h e  c u r e  c h a r a c t e r i s t i c s  o f  a 
c o a t i n g  f o r m u l a t i o n  by o b s e r v i n g  t h e  c h a n g e  i n  v i s c o s i t y  
a t  c o n s t a n t  t e m p e r a t u r e  o f  t h e  mix a s  a f u n c t i o n  o f  t i m e .  
The p r i n c i p l e s  b e h i n d  t h i s  m e thod  o f  t e s t i n g  c a n  be  
a p p r e c i a t e d  f r o m  t h e  o p e r a t i o n  o f  t h e  m os t  w i d e l y  u s e d  
c u r e m e t e r ;  t h e  Mooney v i s c o m e t e r .
C D  B
F i g u r e  6 . 1  : D ia g ra m  o f  t h e  MOOney V i s c o m e t e r
As t h e  d i s c - s h a p e d  r o t o r ,  A, t u r n s  i n s i d e  t h e  c y l i n d r i c a l  
c h a m b e r ,  B ( f o r m e d  by  two m a t i n g  d i e s ) ,  f i l l e d  w i t h  t h e  
c o a t i n g  f o r m u l a t i o n ,  s h e a r  f o r c e s  a r e  p r o d u c e d  b e t w e e n  
s u r f a c e s  C and  D. The r e s u l t i n g  t o r q u e  on s h a f t  E g i v e s  
a  m e a s u re  o f  t h e  v i s c o s i t y  o f  t h e  mix  and  t h i s  i s  p l o t t e d  
on a  t i m e - s t i f f n e s s  c u r v e  f rom  w h ic h  i t  i s  p o s s i b l e  t o  
d e d u c e :
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( i )  t h e  minimum s t i f f n e s s ,  r e p r e s e n t i n g  t h e  e f f e c t i v e  
v i s c o s i t y  o f  t h e  u n v u l c a n i z e d  m ix ;
( i i )  s c o r c h  t i m e ,  g i v e n  a s  t i m e  t a k e n  f o r  a  f i x e d  
s m a l l  r i s e  above  t h e  minimum s t i f f n e s s .  The 
s c o r c h  t i m e  i n d i c a t e s  j u s t  how l o n g  a 
p a r t i c u l a r  f o r m u l a t i o n  c a n  be  h e l d  a t  a  g i v e n  
p r o c e s s i n g  t e m p e r a t u r e  (150°C  i n  t h e s e  
e x p e r i m e n t s )  b e f o r e  t h e  o n s e t  o f  c u r i n g  makes  
f u r t h e r  p r o c e s s i n g  d i f f i c u l t ;
( i i i )  e q u i l i b r i u m  s t i f f n e s s ,  r e p r e s e n t i n g  t h e  e l a s t i c  
m odu lus  o f  t h e  f u l l y  c u r e d  e l a s t o m e r ;
( i v )  t i m e  t o  an a r b i t r a r y  " f r a c t i o n a l  m o d u l u s " ,
o f  90% o f  t h e  e q u i l i b r i u m  ( o r  maximum) m o d u l u s ,  
and r e p r e s e n t i n g  a  t e c h n i c a l  c u r e .
E q u i l i b r i u m
S t i f f n e s s
*H•H-P
Minimum " 
S t i f f n e s s
S c o rc h
Time
( Time)
Time t o
f r a c t i o n a l
m o d u lu s
F ig u r e  6 .2 D e t e r m i n a t i o n  o f  p l a s t i c i t y ,  s c o r c h  a n d  c u r e  
c h a r a c t e r i s t i c s  b y  c u r e m e t e r
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T o rq u e  r h e o g r a m s  w e re  o b t a i n e d  f o r  t h e  f o l l o w i n g  
e l a s t o m e r  f o r m u l a t i o n s  a t  a  c o n s t a n t  t e m p e r a t u r e  o f  
153°C and  o v e r  a  t i m e - s c a l e  o f  t h i r t y  m i n u t e s :
E l a s t o m e r  co d e  C o n t a i n i n g  a t  2.5% wt
AFR:
2754 No b i o c i d e ( b l a n k )
3126 (Bu3 S n ) 20 ( TBTO)
3647 Bus SnCl ( TBTC1)
3642 Bu3 SnF ( TBTF)
3646 (P h 3S n ) 20 ( TPTO)
3644 P h 3SnCl (TPTC1)
3645 P h 3 SnF ( TPTF)
3643 Ph3 SnOCCH3 (TPTAc)
0
6 . 2 . 2  R e s u l t s
The t o r q u e  r h e o g r a m s  o b t a i n e d  f ro m  t h e  above  s y s t e m s  
a r e  p r e s e n t e d  i n  F i g u r e s  6 . 3 ( a )  t o  ( h ) .
( a )  In  t h e  b a s i c  c o a t i n g  f o r m u l a t i o n  c o n t a i n i n g  no 
b i o c i d e ,  t h e  o n s e t  o f  c u r i n g  t o o k  p l a c e  a f t e r  
a p p r o x i m a t e l y  2 . 5  m i n u t e s  and  p r o c e e d e d  r a p i d l y  
t o  a  t e c h n i c a l  f u l l  c u r e  a f t e r  a b o u t  7 . 5  m i n u t e s .  
The p l a t e a u  r e g i o n  b e y o n d  t h i s  t i m e  was w e l l -  
d e f i n e d ,  i n d i c a t i n g  t h a t  t h e  c r o s s l i n k i n g  
r e a c t i o n s  w ere  e f f e c t i v e l y  c o m p l e t e .
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( S t i f f n e s s )
□□
\
T o rq u e  r h e o g r a m s  o b t a i n e d  f ro m  a n t i f o u l i n g  
e l a s t o m e r  mix c o n t a i n i n g  ( a )  no b i o c i d e ,
( b )  TBTO a t  2.5% by w t .
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00897089
F i g u r e  6 . 3  : T orque  r h e o g r a m s  o b t a i n e d  f rom  a n t i f o u l i n g  
e l a s t o m e r  mix c o n t a i n i n g  ( c )  TBTF and  
( d )  TBTC1 a t  2.5% by w t .
-  188 -
Ti
me
)/m
ins
-  □□ ( S t i f f n e s s )  -  *
F i g u r e  6 . 3  : T o rq u e  r h e o g ra m s  o b t a i n e d  f ro m  a n t i f o u l i n g  
e l a s t o m e r  mix c o n t a i n i n g  ( e )  TPTC1 and  
( f ) TPTO a t  2.5% b y  w t .
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□□
-H-4.XX XX X
2«
bo
.«•
( S t i f f n e s s )
F i g u r e  6 . 3  : T o rq u e  r h e o g ra m s  o b t a i n e d  f rom  a n t i f o u l i n g  
e l a s t o m e r  mix c o n t a i n i n g  ( g )  TPTAc and  
( h )  TPTF a t  2.5% by  w t .
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e)
/m
in
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( b )  The f o r m u l a t i o n  c o n t a i n i n g  TBTO a s  t h e  a c t i v e  
b i o c i d e  i l l u s t r a t e d  m a r k e d l y  d i f f e r e n t  c u r i n g  
c h a r a c t e r i s t i c s  t o  t h e  b a s i c  f o r m u l a t i o n  ( a ) .
The s c o r c h  t i m e  was i n c r e a s e d  t o  a b o u t  7 m i n u t e s  
and  c r o s s l i n k i n g  o c c u r r e d  a t  a s i g n i f i c a n t l y  
lo w e r  r a t e ,  a s  shown by t h e  r e d u c e d  s l o p e  o f  t h e  
r i s i n g  c u r v e ,  and  t o  a  l e s s e r  d e g r e e  a s  i n d i c a t e d  
by  t h e  a b s e n c e  o f  a p l a t e a u  i n  t h e  s t i f f n e s s  v e r s u s  
t i m e  b e h a v i o u r .
( c ) /  In  t h e  f o r m u l a t i o n s  c o n t a i n i n g  ( c )  TBTF a n d
(d )
(d )  TBTC1, t h e  o n s e t  o f  c u r i n g  o c c u r r e d  b e t w e e n
1 .5  and  2 . 5  m i n u t e s  o f  h e a t i n g .  The c u r e  r a t e  
a p p e a r e d  t o  b e  s i m i l a r  t o  t h a t  o f  t h e  b i o c i d e - f r e e  
f o r m u l a t i o n ;  h o w e v e r ,  t h e  p l a t e a u  r e g i o n  was l e s s  
s h a r p l y  d e f i n e d  i n  b o t h  c a s e s .
( e )  The o n s e t  o f  c u r i n g  i n  t h i s  s y s t e m  c o n t a i n i n g  
TPTC1, t o o k  p l a c e  a f t e r  o n l y  1 m i n u t e  a n d  p r o c e e d e d  
q u i t e  r a p i d l y  t o  f u l l  c u r e  a f t e r  a b o u t  5 m i n u t e s .  
The c u r i n g  b e h a v i o u r  c h a n g e d  m a r k e d l y  a f t e r  a
4 - 5  m i n u t e  t i m e  p e r i o d  when t h e  s t i f f n e s s  was 
o b s e r v e d  t o  c h a n g e  o n l y  s l i g h t l y  w i t h  t i m e .
( f )  The f o r m u l a t i o n  c o n t a i n i n g  TPTO d e m o n s t r a t e d  a 
s l i g h t l y  l o n g e r  s c o r c h  t i m e  ( 2 . 5  m i n u t e s )  c o m p a re d  
w i t h  t h e  p r e v i o u s  ex am p le  an d  l e s s  w e l l - d e f i n e d  
c h a n g e s  i n  c u r i n g  c h a r a c t e r i s t i c s .  A t e c h n i c a l  
f u l l  c u r e  was n o t  o b s e r v e d  o v e r  t h e  30 m i n u t e  
t i m e - s c a l e  o f  t h e  e x p e r i m e n t .
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( g ) /  The c u r i n g  b e h a v i o u r  f o r  t h e s e  f o r m u l a t i o n s
( h )
c o n t a i n i n g  ( g )  TPTAc and  ( h )  TPTF, was s i m i l a r  
t o  t h a t  o b s e r v e d  f o r  t h e  T P T O - c o n t a i n i n g  s y s t e m .
Both  s y s t e m s  w ere  c h a r a c t e r i z e d  by  a  s h o r t  s c o r c h  
t i m e  an d  a  g r a d u a l  c h a n g e  i n  s t i f f n e s s  w i t h  t h e  
b u i l d - u p  o f  c r o s s l i n k i n g  d e n s i t y .
Discussion and Conclusions
From t h e  r h e o g r a m s  p r e s e n t e d  i n  F i g u r e s  6 . 3 ( a )  t o  ( h ) ,  
i t  i s  e v i d e n t  t h a t  t h e  p r e s e n c e  o f  b o t h  t r i b u t y l t i n  (TBT) 
and  t r i p h e n y l t i n  (TPT) b i o c i d e s  d o e s  hav e  an i n f l u e n c e  
on t h e  c u r i n g  b e h a v i o u r  o f  t h e  b a s i c  f o r m u l a t i o n  AFR 2 7 5 4 .  
The most  d r a m a t i c  e f f e c t s  a r e  e x h i b i t e d  by t h e  TBTO- 
c o n t a i n i n g  s y s t e m  i n  w h ic h  t h e  o r g a n o t i n  h a s  l e d  t o  an  
a l m o s t  d o u b l i n g  o f  t h e  s c o r c h  t i m e  and  s u b s t a n t i a l  
r e t a r d a t i o n  i n  t h e  r a t e  o f  c u r e .  The p r o l o n g e d  s c o r c h  
t i m e  s u g g e s t s  t h a t  i n i t i a t i o n  o f  t h e  c u r i n g  p r o c e s s  i s  
b e i n g  d e l a y e d  an d  i n  o r d e r  t o  r a t i o n a l i z e  t h i s  
o b s e r v a t i o n ,  i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  i n i t i a l  
s t a g e s  o f  t h e  c a t i o n i c  c u r i n g  m echan ism  a s  p r o p o s e d  by  
B a ldw in  'et_ a J  [3]  . The s u c c e s s  o f  t h e  c r o s s l i n k i n g  
r e a c t i o n ,  r e q u i r e s  t h e  p r i o r  f o r m a t i o n  o f  a  z i n c -  
c o n t a i n i n g  Lewis  a c i d  c a t a l y s t ,  i e  e i t h e r  z i n c  
o x y c h l o r i d e  o r  z i n c  d i c h l o r i d e .  I t  i s  p o s s i b l e  t h a t  a 
c o m p e t i n g  r e a c t i o n  b e tw e e n  TBTO and  t h e  l a b i l e  c h l o r i n e  
a to m s  o f  t h e  p o ly m e r  e f f e c t i v e l y  consum es  t h e  c h l o r i n e  
a to m s  a v a i l a b l e  f o r  c a t a l y s t  f o r m a t i o n .  The r e s u l t i n g  
l o s s  o f  i n i t i a l  r e a c t i v i t y  w ou ld  a c c o u n t  f o r  t h e  
o b s e r v e d  i n c r e a s e d  s c o r c h  t i m e  and d e c r e a s e d  r a t e  o f
c r o s s l i n k i n g  e v i d e n t  on t h e  rheogram, F i g u r e  6 . 3 ( a ) .
A d d i t i o n a l  i n t e r f e r e n c e s  w i t h  t h e  i n i t i a l  c u r i n g  
r e a c t i o n s  may r e s u l t  f ro m  an  i n t e r a c t i o n  w i t h  s t e a r i c  
a c i d  a n d / o r  t h e  o r g a n i c  a c c e l e r a t o r  TMTD. R e a c t i o n s  
o f  t h i s  t y p e  w ou ld  i n t e r f e r e  w i t h  t h e  s o l u b i l i z a t i o n  
o f  z i n c  w i t h i n  t h e  e l a s t o m e r  and  t h e r e b y  l i m i t  i t s  
a v a i l a b i l i t y  f o r  c a t a l y s t  f o r m a t i o n .  The r e a c t i o n  w i t h  
s t e a r i c  a c i d  was d e m o n s t r a t e d  i n  S e c t i o n  3 . 2 . 2  w h e re  t h e  
p r e s e n c e  o f  t r i b u t y l t i n  s t e a r a t e  and  d i b u t y l t i n  
b i s ( s t e a r a t e )  c o u l d  be  i n f e r r e d  f rom  t h e  t i n - 1 1 9  NMR 
s p e c t r u m  o f  t h e  a p p r o p r i a t e  e l a s t o m e r .  I n  o r d e r  t o  
d e t e r m i n e  w h e t h e r  TBTO and  TMTD c o u l d  r e a c t  t o g e t h e r  
u n d e r  t h e  p o ly m e r  c u r i n g  c o n d i t i o n s ,  b o t h  t h e s e  m a t e r i a l s  
w e re  h e a t e d  t o g e t h e r  i n  e q u i m o l a r  am oun ts  a t  1 5 0 °C f o r  
t h i r t y  m i n u t e s .  The r e s u l t i n g  p r o d u c t  c o n s i s t e d  o f  a 
b ro w n ,  n o n - v i s c o u s  l i q u i d  a n d  a  brown s o l i d .  T h e se  
p h a s e s  ( b o t h  o f f e n s i v e l y  s m e l l i n g ! )  w ere  s e p a r a t e d  and  
a n a l y s e d  by i n f r a r e d ,  t i n - 1 1 9  NMR and  M o ssb au e r  
s p e c t r o s c o p i e s ,  F i g u r e s  6 . 4  -  6 . 6 .
I t  i s  a p p a r e n t  f rom  t h e  f u l l y  d e c o u p l e d  t i n - 1 1 9  NMR 
s p e c t r a  t h a t  t h e r e  a r e  a t  l e a s t  f i v e  n o n - e q u i v a l e n t  
t i n  s i t e s  d i s t r i b u t e d  b e tw e e n  t h e  s o l i d  and  l i q u i d  
r e a c t i o n  p r o d u c t s ,  F i g u r e  6 . 4  The a b s e n c e  o f  t h e  
c h a r a c t e r i s t i c  a s y m m e t r i c  Sn-O-Sn s t r e t c h i n g  b a n d  a t  
% 7 70 cm” 1 i n  t h e  i n f r a r e d  s p e c t r a  s u g g e s t s  t h a t  a l l  o f  
t h e  TBTO h a s  b e e n  consumed i n  t h e  r e a c t i o n  w i t h  TMTD 
( F i g u r e  6 . 5 ) .  I n d e e d ,  t h e  p r e s e n c e  o f  an  i n f r a r e d  b a n d  
a t  360 cm-1 in  t h e  l i q u i d  p r o d u c t  i s  t y p i c a l  o f  t h e
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F i g - n r e  6 .4  i T i n - 1 1 9  NMR s p e c t r a  o f  t h e  r e s i d u e s  o b t a i n e d  
f rom  t h e  TBTO-TMTD r e a c t i o n
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*uOu
F i g u r e  6 . 5  : I n f r a r e d  s p e c t r a  r e c o r d e d  i n  t h e  r a n g e
200-4000  c m - 1 o f  ( a )  p u r e  TMTD, ( b )  s o l i d  
r e a c t i o n  p r o d u c t  w i t h  TBTO and ( c )  l i q u i d  
r e a c t i o n  p r o d u c t  w i t h  TBTO
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CO
s o l i d
2 3 53 -2 1 0 64 4
V E L O C I T Y  ( M M / S E C  )
i q u  i d
L
53 -2 1 0 2 35 4 4
V E L O C I T Y  C m / S E C )
F i g u r e  6 . 6  : T in - 1 1 9  M ossbauer  s p e c t r a  o b t a i n e d  f ro m  t h e  
s o l i d  and l i q u i d  r e s i d u e s  o f  t h e  TBTO-TMTD 
r e a c t i o n
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a s y m m e t r i c  S n -S -S n  s t r e t c h i n g  mode,  f o r  w h ic h  t h e  
n o r m a l  r a n g e  i s  360 -3 8 6  cm” 1 . The c o r r e s p o n d i n g  t i n - 1 1 9  
NMR s p e c t r u m  shows a  s i g n a l  a t  + 8 3 .7  ppm w h ic h  s u g g e s t s  
t h a t  b i s ( t r i b u t y l t i n ) s u l p h i d e  (TBTS) i s  p r e s e n t  i n  t h e  
l i q u i d  p h a s e  [ 6 ( 119Sn) f o r  TBTS i n  CDC13 s o l u t i o n  i s  
+ 8 4 .0  ppm].  The f o r m a t i o n  o f  t h i s  compound c a n  b e  
e x p l a i n e d  by  e x a m i n i n g  some o f  t h e  p r o d u c t s  f o rm e d  in  
t h e  t h e r m a l  d e g r a d a t i o n  o f  TMTD. Bateman e t  a l  [4 ]  
s u g g e s t  t h a t  t h e  d e c o m p o s i t i o n  o f  TMTD u n d e r  t y p i c a l  
c u r i n g  c o n d i t i o n s  p r o c e e d s  a c c o r d i n g  t o  t h e  r e a c t i o n :
(CH3)2NCSSCN( CH3)2 — »• (CH3)2NCN(CH3)2 + CS2 + S
S S S
S i n c e  TBTO i s  known t o  r e a c t  r e a d i l y  w i t h  c a r b o n  
d i s u l p h i d e  [5 ]  and  w i t h  t h i o u r e a s  [6 ]  t o  p r o d u c e  TBTS, 
t h e  p r e s e n c e  o f  t h i s  compound,  a s  i n d i c a t e d  i n  b o t h  t h e  
i n f r a r e d  and  t i n - 1 1 9  NMR s p e c t r a ,  i s  n o t  u n e x p e c t e d .
The i n t e n s e  t i n - 1 1 9  NMR r e s o n a n c e  a t  + 2 6 .2  ppm i n  t h e  
l i q u i d  TBTO-TMTD p r o d u c t  was a t t r i b u t e d  t o  t h e  p r e s e n c e  
o f  t r i b u t y l t i n  d i m e t h y l d i t h i o c a r b a m a t e  ( T B T .d t c )  a n d  t h i s  
was c o n f i r m e d  by  p r e p a r i n g  an a u t h e n t i c  s a m p le  o f  t h i s  
compound a c c o r d i n g  t o  t h e  m ethod  o f  S r i v a s t a v a  an d  
R a s t o g i  [ 7 ] :
S
IIB u 3 SnSCN( CH3 ) 2
T B T .d tc
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The y e l l o w  o i l  o b t a i n e d  by  m i x i n g  t o g e t h e r  e q u i m o l a r  
q u a n t i t i e s  o f  t r i b u t y l t i n  c h l o r i d e  and  s o d iu m  d i m e t h y l -  
d i t h i o c a r b a m a t e  d i h y d r a t e  i n  e t h a n o l ,  gav e  r i s e  t o  a 
s i n g l e  r e s o n a n c e  i n  t h e  f u l l y  d e c o u p l e d  t i n - 1 1 9  NMR 
s p e c t r u m  a t  + 2 7 .3  ppm w h ic h  i s  c o n s i s t e n t  w i t h  a  f o u r  
c o o r d i n a t e  g e o m e t r y  a b o u t  t h e  t i n  a tom  [ 8 ] .  The M o ssb au e r  
p a r a m e t e r s  o f  t h i s  compound w ere  6 = 1 .4 3  mm s -1 and
AEq = 2 . 2 4  mm s - 1 , b o t h  i n  good a g r e e m e n t  w i t h  t h o s e
q u o t e d  by  H i l l  an d  S m i th  [ 9 ] ,  6 = 1 .3 6  mm s -1 and
AEq = 2 . 2 3  mm s ” 1 .
In  t h e  t i m e  a v a i l a b l e ,  i t  was n o t  p o s s i b l e  t o  i d e n t i f y  
t h e  compounds  r e s p o n s i b l e  f o r  t h e  h i g h  f i e l d  t i n - 1 1 9  NMR 
r e s o n a n c e s  a t  -  3 4 0 .1  ppm and -  2 2 9 .5  ppm o f  t h e  l i q u i d  
and  s o l i d  p h a s e s ,  r e s p e c t i v e l y .  However ,  t h e  l a r g e  
u p f i e l d  s h i f t s  a r e  t y p i c a l  o f  t h o s e  o b s e r v e d  f o r  d i a l k y l t i n  
b i s ( d i a l k y l d i t h i o c a r b a m a t e )  s p e c i e s  [10]  i n  w h i c h  t h e  t i n  
a tom  i s  p r o b a b l y  h e x a c o o r d i n a t e  [11] . S i n c e  d e b u t y l a t i o n  
u n d e r  t h e  p o ly m e r  c u r i n g  c o n d i t i o n s  was e v i d e n t  i n  t h e  
c h r o m a t o g r a p h i c  s t u d i e s  o f  S e c t i o n  4 . 2 ,  t h e  p o s s i b l e  
f o r m a t i o n  o f  d i b u t y l t i n  b i s ( d i m e t h y l d i t h i o c a r b a m a t e )  
c a n n o t  be  r u l e d  o u t .
The M o ssb a u e r  d a t a  f o r  t h e  s o l i d  and  l i q u i d  p r o d u c t s  w e re  
b e s t  c o m p u te r  f i t t e d  a s  two and t h r e e  u n r e s o l v e d  q u a d r u p o l e  
d o u b l e t s  r e s p e c t i v e l y .  The f i t t e d  p a r a m e t e r s  a r e  g i v e n  
i n  t h e  t a b l e  f o l l o w i n g :
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A b s o r b e r
6
+ 0 .0 2  
(mm . s - 1 ) .
AEq 
± 0 . 0 2  
.(.mm .s t 1. ).'.
r
± 0 .0 2  
. (.mm .s t 1. ). .
P± 0 .0 5 R e l a t i v e  A rea  
± 5% ■
S o l i d 1 .6 5 3 .8 6 0 .9 6 2 . 3 4 61
R e s i d u e 1 .66 2 .7 2 1 .0 9 1 .6 4 39
L i q u i d 1 .6 1 2 . 0 8 1 .02 1 .2 9 79
R e s i d u e 1 .4 3 1 .6 3 1 .06 1 .1 3 16
1 .5 9 2 .9 2 0 . 9 9 1 .8 4 5
T a b le  6 . 1  : T i n -119  M ossba l ie r  p a r a m e t e r s  o b t a i n e d  f rom
t h e  s o l i d  airid l i q u i d  p r o d u c t s  o f  t h e  TBTQ-TMTD 
r e a c t i o n
A c c o r d i n g  t o  t h e  p - v a l u e s  g i v e n  i n  t h e  t a b l e ,  t h e  s o l i d  
r e s i d u e  c o n t a i n s  t i n  a to m s  i n  b o t h  f o u r  an d  f i v e  ( o r  s i x )  
c o o r d i n a t e  g e o m e t r i e s  [ 1 2 ] ,  The i s o m e r  s h i f t  and  
q u a d r u p o l e  s p l i t t i n g  a r e  t y p i c a l  o f  t h o s e  e x h i b i t e d  by  
d i a l k y  I t  i n  b i s ( d i t h i o c a r b a m a t e )  C o m d e x e s  i n  w h ic h  t h e  t i n  
a tom  e x i s t s  i n  a t r a n s  o c t a h e d r a l  g e o m e t r y .  R e f e r e n c e  t o  
some o f  t h e  d a t a  p r e s e n t e d  by  F i t z s i m m o n s  [11]  f o r  a n a l o g o u s  
d i b u t y l t i n  compounds s u p p o r t s  t h e  p r o p o s e d  f o r m a t i o n  o f  
d i b u t y l t i n  b i s ( d i m e t h y l d i t h i o c a r b a m a t e ) :
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O r g a n o t i n
6a 
± 0 .2  
. ( mm s _1.). .
AEq 
± 0.-2 
.(.mm . s " 1)
Bu2 S n [ S 2CNPh2 ] 2 1 .7 2 3 .2 1
Bu2 S n [ S2 CN(CH2 P h ) 2 ] 2 1 .6 9 3 .3 8
Bu2 S n [ S 2CN(CH2 ) „ ] 2 . 1 .5 3  . 3 .0 6
. ........................................  . . .  .. .....  .. . . .  .
a M e a su re d  r e l a t i v e  Sn02
T a b l e  6 . 2  : T i n - 1 1 9  M o ssb au e r  p a r a m e t e r s  o b t a i n e d  f o r  
some d i b u t y l t i n  d i t h i o c a r b a m a t e  c o m p l e x e s . 
D a t a  t a k e n  f ro m  r e f e r e n c e  [11 ]
The p - v a l u e s  c a l c u l a t e d  f o r  t h e  l i q u i d  r e s i d u e  c o m p o n e n t s  
a r e  i n d i c a t i v e  o f  f o u r  c o o r d i n a t e  m o i e t i e s  and  a r e  
c o n s i s t e n t  w i t h  t h e  p r o n o s e d  f o r m a t i o n  o f  t r i b u t y l t i n  
d i m e t h y l d i t h i o c a r b a m a t e , Bu3 SnS2CNMe2 , and  TBTS. The 
p - v a l u e  f o r  t h e  t h i r d  t i n - c o m p o n e n t , h o w e v e r ,  i s  a t  
v a r i a n c e  w i t h  t h e  s t r u c t u r a l  i m p l i c a t i o n s  o f  t h e  h i g h -  
f i e l d  t i n - 1 1 9  NMR r e s o n a n c e  a t  -  3 4 0 .1  ppm w h ic h  i s  more 
t y p i c a l  o f  a f i v e  o r  s i x  g e o m e t r y  [ 1 0 ] .
The e f f e c t s  o f  TBTC1 and  TBTF on t h e  c u r e  k i n e t i c s  o f  
n e o p r e n e  a r e  n o t  a s  d r a m a t i c  a s  t h o s e  e x h i b i t e d  by  TBTO 
and t h i s  c o u l d  im p ly  t h a t  t h e  n a t u r e  o f  t h e  i n t e r f e r e n c e  
a l s o  i n v o l v e s  a  c o m p e t i n g  c r o s s l i n k i n g  r e a c t i o n  b e tw e e n  
TBTO and t h e  a l l y l i c  c h l o r i n e  m o i e t y  t o  p r o d u c e  e t h e r  
c r o s s l i n k s .  T h i s  p r o c e s s ,  o r i g i n a l l y  p r o p o s e d  by 
K a n a k k a n a t t  [13]  would  e f f e c t i v e l y  consume some o f  t h e  
l a b i l e  c h l o r i n e  a to m s  a v a i l a b l e  f o r  z i n c  L ew is  a c i d  
c a t a l y s t  f o r m a t i o n  n e e d e d  f o r  e f f i c i e n t  c a r b o n - c a r b o n  
c r o s s l i n k i n g .
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In  t h e  t r i p h e n y l t i n - c o n t a i n i n g  s y s t e m s ,  ( F i g u r e s  6 . 3 ( f )  
t o  ( h ) ) ,  t h e  s c o r c h  t i m e  o f  t h e  b a s i c  f o r m u l a t i o n  
a p p e a r s  t o  h a v e  b e e n  s u b s t a n t i a l l y  r e d u c e d .  As t h e  
s c o r c h  t i m e  i s  r e l a t e d  t o  t h e  f a t e  o f  i n i t i a t i o n  o f  
c r o s s l i n k i n g  w h ic h  i s  i t s e l f  d e p e n d e n t  upon  t h e  p r e s e n c e  
o f  Lew is  a c i d  c a t a l y s t s ,  i t  i s  p o s s i b l e  t h a t  t h e  d e g r a d a t i o n  
p r o d u c t s  d i s c u s s e d  i n  S e c t i o n  3 . 3 . 1  h a v e  a  c a t a l y t i c  
e f f e c t  on t h e  c u r i n g  k i n e t i c s .  I n  p a r t i c u l a r ,  t h e  
d e g r a d a t i o n  p r o d u c t s ,  m o n o p h e n y l t i n  t r i c h l o r i d e  and 
s t a n n i c  c h l o r i d e ,  may i n i t i a t e  a c a t i o n i c  c r o s s l i n k i n g  
r e a c t i o n  v i a  t h e  m echan ism  m e n t i o n e d  i n  S e c t i o n  3 . 4 .
In  c o n c l u s i o n ,  i t  i s  c l e a r  t h a t  t h e  f a t e  o f  o r g a n o t i n  
b i o c i d e s  o f  t h e  t y p e  R3 SnX i n  a  t y p i c a l  n e o p r e n e  c o a t i n g ,  
i s  s u b j e c t  t o  a  v a r i e t y  o f  i n f l u e n c e s  b a s e d  u p o n :
( i )  t h e  f u n d a m e n t a l  c h e m i s t r y  o f  t h e  p o l a r i s e d  Sn-X
b o n d .  F o r  e x a m p l e ,  i t  may be  a b l e  t o  p a r t i c i p a t e  
i n  o x i d a t i v e  i n s e r t i o n  r e a c t i o n s  a s  i l l u s t r a t e d  
i n  t h e  f o r m a t i o n  o f  t r i b u t y l t i n  c a r b o n a t e  f ro m  
TBTO [ 5 ] .  Exchange  r e a c t i o n s  s u c h  a s  t h e  
c o n v e r s i o n  o f  TBTO t o  TBTS i n  t h e  p r e s e n c e  o f  a  
t h i o u r e a  a r e  a l s o  p o s s i b l e  [6]  a s  a r e  r e a c t i o n s  
i n v o l v i n g  n u c l e o p h i l i c  a t t a c k  a t  t i n ,  e g ,  t h e  
f o r m a t i o n  o f  t r i b u t y l t i n  d i m e t h y l d i t h i o c a r b a m a t e  
f ro m  TBTC1;
( i i )  t h e  s t a b i l i t y  o f  t h e  Sn-C b o n d s  and  t h e
s u s c e p t i b i l i t y  o f  t h e  a - c a r b o n  a to m  i n  t h e  R3Sn”
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m o ie ty  t o  a t t a c k  from e l e c t r o p h i l i c  s p e c i e s ;
( i i i )  t h e  a b i l i t y  o f  t h e  t i n  atom t o  e x p a n d  i t s
c o o r d i n a t i o n  number above  f o u r  and  fo rm  c o m p le x e s  
w i t h  n e u t r a l  and  a n i o n i c  l i g a n d s .  S u i t a b l e  l i g a n d s  
i n  t h e  c o a t i n g  m a t r i x  w i l l  i n c l u d e :  TMTD,
t e t r a m e t h y l t h i o u r e a , d i m e t h y l d i t h i o c a r b a m a t e  
r a d i c a l s ,  c a r b o x y l a t e  i o n s ,  c h l o r i d e  i o n s  and  t h e  
amine  a n t i o x i d a n t  " o c t a m i n e " .  I n  t h i s  c o n t e x t ,  
t h e r e f o r e ,  i t  i s  l i k e l y  t h a t  t h e  t r i p h e n y l t i n  
d e r i v a t i v e s ,  b e i n g  s t r o n g e r  Lew is  a c i d s  [1 4 ]  t h a n  
t h e  t r i b u t y l t i n  a n a l o g u e s ,  w i l l  e x i s t  a s  c o m p le x e d  
s p e c i e s  w i t h i n  t h e  c o a t i n g  m a t r i x .  Complex 
f o r m a t i o n  w i l l  b e  e v e n  more l i k e l y  f o r  t h e  more  
s t r o n g l y  a c c e p t i n g  d i p h e n y l t i n  and  m o n o p h e n y l t i n  
d e g r a d a t i o n  p r o d u c t s  r e v e a l e d  i n  t h e  c h r o m a t o ­
g r a p h i c  s t u d i e s  o f  S e c t i o n  3 . 3 . 1 .
The d i s t r i b u t i o n  o f  o r g a n o t i n  p r o d u c t s  w i t h i n  a  c o a t i n g  
m a t r i x  w i l l  be g o v e r n e d  by t h e  r e l a t i v e  am o u n ts  o f  r e a c t i v e  
s p e c i e s  p r e s e n t .  I t  i s  c l e a r  t h a t  t h e  c h l o r i d e  i o n ,  f ro m  
t h e  d e h y d r o c h l o r i n a t i o n  r e a c t i o n ,  p l a y s  a  m a j o r  r o l e  i n  t h e  
f a t e  o f  t h e  o r g a n o t i n  b i o c i d e s  s i n c e  t r i b u t y l t i n  c h l o r i d e  
was d e t e c t e d  i n  a l l  o f  t h e  t r i b u t y l t i n - c o n t a i n i n g  e l a s t o m e r s  
( S e c t i o n  3 . 2 . 2 ) .  In  a d d i t i o n ,  t h e  p r e s e n c e  o f  s t e a r i c  
a c i d  h a s  l e d  t o  t h e  f o r m a t i o n  o f  s i g n i f i c a n t  a m o u n ts  o f  
t r i b u t y l  and d i b u t y l t i n  s t e a r a t e  in  t h e  e l a s t o m e r  m a t r i x .
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In  t h e  t r i p h e n y l t i n - c o n t a i n i n g  e l a s t o m e r s ,  t h e  p r e d o m i n a n t  
r e a c t i o n s  a p p e a r  t o  i n v o l v e  s c i s s i o n  o f  t h e  Sn-C b on d s  
l e a d i n g  t o  e x t e n s i v e  d e g r a d a t i o n  o f  t h e  o r g a n o t i n s .
The d e g r a d a t i o n  p r o d u c t s ,  i n  t h e  fo rm  o f  t h e  p r o p o s e d  
c o m p le x e d  m o i e t i e s ,  c o u l d  n o t  b e  e x t r a c t e d  f ro m  t h e  c o a t i n g s  
f o r  u s e f u l  t i n - 1 1 9  NMR a n a l y s i s  an d  t h i s  may i n d i c a t e  t h e  
e x i s t e n c e  o f  a  c o o r d i n a t i v e  i n t e r a c t i o n  b e tw e e n  t h e  t i n  
s p e c i e s  and  t h e  c h l o r i n e  a tom s  o f  t h e  p o ly m e r  c h a i n s .
Such a p r o c e s s  c o u l d  e f f e c t i v e l y  b i n d  t h e  o r g a n o t i n s  i n t o  
t h e  e l a s t o m e r  m a t r i x ,  t h e r e b y  r e d u c i n g  t h e i r  a v a i l a b i l i t y  
f o r  e x t r a c t i o n .
The r e a c t i v e  medium p r o v i d e d  by a  t y p i c a l  a n t i f o u l i n g  
c o a t i n g  f o r m u l a t i o n ,  h a s  b e e n  shown t o  l e a d  t o  e x t e n s i v e  
c h e m i c a l  and s t r u c t u r a l  m o d i f i c a t i o n s  o f  t h e  i n c o r p o r a t e d  
o r g a n o t i n  b i o c i d e s .  I n  t h e  t r i p h e n y l t i n - c o n t a i n i n g  
c o a t i n g s ,  p a r t i c u l a r l y ,  a  r a n g e  o f  o r g a n i c  and  i n o r g a n i c  
t i n  compounds have  b e e n  p r o d u c e d  and t h e s e  w i l l  u n d o u b t e d l y  
p o s s e s s  m a rk e d ly  d i f f e r e n t  b i o c i d a l  p r o p e r t i e s  t o  t h e  
p a r e n t  o r g a n o t i n .
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CHAPTER SEVEN : GENERAL CONCLUSIONS
The i n i t i a l  s t u d i e s  made on a  s e l e c t i o n  o f  t r i - n -  
b u t y l t i n  ( T B T ) - c o n t a i n i n g  e l a s t o m e r s  showed t h a t  e a c h  
b i o c i d e  s u f f e r e d  t h e  same f a t e  upon i n c o r p o r a t i o n  i n t o  
a n e o p r e n e - b a s e d  a n t i f o u l i n g  c o a t i n g  f o r m u l a t i o n .  U s i n g  
s u p p o r t i v e  i n f o r m a t i o n  o b t a i n e d  by t i n - 1 1 9  n u c l e a r  mag­
n e t i c  r e s o n a n c e  s p e c t r o s c o p y  an d  g a s  c h r o m a t o g r a p h i c  
a n a l y s i s ,  t h e  s t r u c t u r a l  m o d i f i c a t i o n s  e v i d e n t  i n  t h e  
t i n - 1 1 9 m  M o ssb au e r  s p e c t r a  w e re  a t t r i b u t e d  t o  t h e  
f o r m a t i o n  t r i - n - b u t y l t i n  c h l o r i d e ,  t r i - n - b u t y l t i n  
s t e a r a t e  and s m a l l e r  am oun ts  o f  d i - n - b u t y l t i n  d i - s t e a r a t e ,  
d u r i n g  t h e  p o ly m e r  m i x i n g  and c u r i n g  o p e r a t i o n s .  I t  was 
e v i d e n t  f ro m  t h e  M o ssb au e r  d a t a  t h a t  t h e  s t r u c t u r a l  
p r o p e r t i e s  o f  t h e s e  o r g a n o t i n s  i n  t h e  e l a s t o m e r  m a t r i x  
d i f f e r  f ro m  t h o s e  o f  t h e  p u r e  compounds u n d e r  i d e n t i c a l  
e x p e r i m e n t a l  c o n d i t i o n s .
The d i s p e r s i o n  o f  a s e l e c t i o n  o f  TBT and  t r i p h e n y l t i n  
(TPT) b i o c i d e s  i n t o  u n c u r e d  n e o p r e n e  by s o l v e n t  c a s t i n g ,  
l e d  t o  m arked  s t r u c t u r a l  c h a n g e s  b e i n g  o b s e r v e d  f o r  a l l  
o f  t h e  o r i g i n a l  b i o c i d e s .  The M o ss b a u e r  p a r a m e t e r s  f o r  
t h e  TBT compounds w ere  a l l  o f  s i m i l a r  m a g n i t u d e ,  
c o n s i s t e n t  w i t h  t h e  p r e s e n c e  o f  s i n g l e  f o u r - c o o r d i n a t e  
t i n  m o i e t i e s  w i t h i n  t h e  e l a s t o m e r  m a t r i x .  Some l i n e  
b r o a d e n i n g  was e v i d e n t  i n  t h e  b i s ( t r i - n - b u t y l t i n ) s u l p h i d e  
s y s t e m  w h ic h  may hav e  i n d i c a t e d  t h e  p r e s e n c e  o f  m u l t i p l e  
t i n  s i t e s  i n  t h i s  s y s t e m .
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The s e l e c t i o n  o f  TPT b i o c i d e s  d i s p e r s e d  i n  n e o p r e n e  
a l l  s u f f e r e d  e x t e n s i v e  c h e m i c a l  b reakdow n  v i a  Sn-C 
bond c l e a v a g e  even  u n d e r  t h e  r e l a t i v e l y  m i l d  c o n d i t i o n s  
o f  t h e  s o l v e n t  c a s t i n g  p r o c e d u r e .  I t  was a l s o  
o b s e r v e d  t h a t  n e o p r e n e  f i l m s  c o n t a i n i n g  2.5% by w e i g h t  
o f  ( i )  m o n o p h e n y l t i n  t r i c h l o r i d e  and ( i i )  s t a n n i c  c h l o r i d e  
w ere  b o t h  i n s o l u b l e  i n  t h e  s o l v e n t  ( d i c h l o r o m e t h a n e ) 
o r i g i n a l l y  u s e d  f o r  t h e  c a s t i n g  p r o c e s s .  T h i s  was 
t a k e n  a s  e v i d e n c e  f o r  t h e  L e w is  a c i d  c a t a l y s e d  f o r m a t i o n  
o f  c r o s s - l i n k s  b e tw e e n  t h e  p o l y c h l o r o p r e n e  c h a i n s .
D i s p e r s i o n  i n t o  t h e  f i l l e r  m a t e r i a l  -  c a r b o n - b l a c k ,  was 
a l s o  a c c o m p a n ie d  by c h a n g e s  i n  l o c a l  s t r u c t u r e  f o r  
s e v e r a l  TBT com pounds .  T r i - n - b u t y l t i n  f l u o r i d e  p r o v e d  
t o  be  t h e  e x c e p t i o n ,  a s  t h e  M o ss b a u e r  p a r a m e t e r s  f o r  
t h e  d i s p e r s e d  s y s t e m  w e re  i d e n t i c a l  t o  t h o s e  f o r  t h e  p u r e  
compound w i t h i n  e x p e r i m e n t a l  e r r o r .  S i m i l a r  s t u d i e s  
w i t h  TPT compounds i n d i c a t e d  t h a t  s i m p l e  d i s p e r s i o n  i n t o  
c a r b o n - b l a c k  was n o t  a c c o m p a n ie d  by any o f  t h e  s t r u c t u r a l  
c h a n g e s  o b s e r v e d  f o r  t h e  TBT s y s t e m s .  I t  was c o n c l u d e d  
t h a t  t h e  TBT compounds w e re  a b l e  t o  u n d e r g o  c h e m i c a l  
r e a c t i o n s  w i t h  t h e  s u r f a c e  a c t i v e  g r o u p s ,  w h ic h  h a v e  
been  i d e n t i f i e d  on c a r b o n - b l a c k  p a r t i c l e s ,  t o  p r o d u c e  a  
d i s t r i b u t i o n  o f  o r g a n o t i n  m o i e t i e s .  The f a i l u r e  o f  
t h e  TPT s y s t e m s  t o  u n d e r g o  s i m i l a r  r e a c t i o n s  i m p l i e s  t h a t  
s t e r i c  f a c t o r s  may p l a y  an  i m p o r t a n t  r o l e  i n  t h e  r e l a t i v e  
r e a c t i v i t y  o f  c a r b o n - b l a c k  t o w a r d s  o r g a n o t i n s .  The c o n c e p t  
o f  i n t e r c a l a t i o n ,  w hich  may a g a i n  b e  s u b j e c t  t o  s t e r i c  
c o n s t r a i n t s ,  was a l s o  c o n s i d e r e d  b u t  t h e  e f f e c t  was n o t  
d e m o n s t r a t e d  e x p e r i m e n t a l l y .
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A s e r i e s  o f  TPT b i o c i d e s  w ere  shown t o  s u f f e r  e x t e n s i v e  
c h e m i c a l  b reakdow n upon i n c o r p o r a t i o n  i n t o  t h e  a n t i -  
f o u l i n g  f o r m u l a t i o n .  From t h e  i d e n t i c a l  fo rm  o f  t h e  
M o ssb a u e r  s p e c t r a  o b t a i n e d  f ro m  t h e s e  s a m p l e s ,  i t  was 
c o n c l u d e d  t h a t  e a c h  o f  t h e  b i o c i d e s  u n d e r w e n t  i n i t i a l  
c o n v e r s i o n  t o  t h e  same t r i a r y l t i n  compound f o l l o w e d  by 
s u b s e q u e n t  d e g r a d a t i o n  t o  y i e l d  t h e  same d i s t r i b u t i o n  o f  
p r o d u c t s  i n  e a c h  s y s t e m .  Gas c h r o m a t o g r a p h i c  a n a l y s i s  
o f  t h e  e l a s t o m e r s  f o l l o w i n g  d i r e c t  a l k y l a t i o n  r e v e a l e d  
t h e  p r e s e n c e  o f  t r i - ,  d i - ,  m onopheny l  and i n o r g a n i c  t i n  
compounds a s  d e g r a d a t i o n  p r o d u c t s .  None o f  t h e  p h e n y l t i n  
compounds c o u l d  be  d e t e c t e d  i n  S o x h l e t t  e x t r a c t e d  
r e s i d u e s  by t i n - 1 1 9  NMR s p e c t r o s c o p y  an d  t h i s  was t h o u g h t  
t o  i n d i c a t e  t h e  e x i s t e n c e  o f  a  b i n d i n g  i n t e r a c t i o n  b e tw e e n  
t h e  t i n  compounds and one  o r  more  o f  t h e  c o m p o n e n t s  i n  
t h e  e l a s t o m e r  f o r m u l a t i o n .
S p e c t r o s c o p i c  and c h r o m a t o g r a p h i c  a n a l y s i s  o f  a
(R)c o m m e r c i a l  a n t i f o u l i n g  e l a s t o m e r  s a m p le  (NOFOUL ) ,  
o b t a i n e d  a f t e r  2 . 5  y e a r s  e x p o s u r e  t o  a m a r i n e  e n v i r o n m e n t  
showed t h a t  t h e  l o n g - t e r m  d e g r a d a t i o n  o f  t h e  o r i g i n a l  
b i s ( t r i - n - b u t y l t i n ) o x i d e  b i o c i d e  i n v o l v e d  s u c c e s s i v e  
d e b u t y l a t i o n  t o  p r o d u c e  s t a n n i c  o x i d e  a s  t h e  u l t i m a t e  
d e g r a d a t i o n  p r o d u c t .  A number  o f  d e g r a d a t i o n  p a t h w a y s  
i n v o l v i n g  h y d r o l y t i c  Sn-C bond  c l e a v a g e  w e re  p r e s e n t e d  
i n  o r d e r  t o  a c c o u n t  f o r  t h e  d i s t r i b u t i o n  o f  t i n  compounds  
e v i d e n t  i n  t h e  t r a n s m i s s i o n - m o d e  M o ss b a u e r  s p e c t r u m  and  
i n  t h e  g a s  c h r o m a t o g r a p h i c  a n a l y s i s  o f  e x t r a c t s .
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A b a c k s c a t t e r - m o d e  s p e c t r u m  o f  t h e  m a r i n e - e x p o s e d  
s u r f a c e  was c h a r a c t e r i z e d  by a  s i n g l e  e m i s s i o n  l i n e  
a t  ^  0 mm s -1  and  t h i s  was a t t r i b u t e d  t o  t h e  p r e s e n c e  
o f  s t a n n i c  o x i d e .  T h i s  s u r f a c e  was t h e n  s l i c e d  away t o  
a  d e p t h  o f  a b o u t  \  mm and  t h e  s a m p le  was r e - e x a m i n e d  
by b a c k s c a t t e r  M o ss b a u e r  s p e c t r o s c o p y .  The r e s u l t i n g  
s p e c t r u m  was s t i l l  d o m i n a t e d  by an  e m i s s i o n  a t  z e r o  
v e l o c i t y ,  i n d i c a t i n g  t h e  p r e s e n c e  o f  s t a n n i c  o x i d e  even  
a t  t h i s  d e p t h  w i t h i n  t h e  s a m p l e ;  h o w e v e r ,  t h e  p r e s e n c e  
o f  o r g a n o t i n  compounds c o u l d  be  i n f e r r e d  f rom  t h e  
b r o a d e n i n g  e v i d e n t  i n  t h i s  e m i s s i o n  l i n e  p l u s  t h e  l a r g e  
asym m etry  i n  b a c k g r o u n d  r a d i a t i o r l .  The p o o r  s e n s i t i v i t y  
t o w a r d s  t h e  d e t e c t i o n  o f  o r g a n o t i n s  was a t t r i b u t e d  t o  
t h e i r  v e r y  low s u r f a c e  c o n c e n t r a t i o n s  an d  t h e i r  s m a l l  
r e c o i l l e s s  f r a c t i o n s  i n  c o m p a r i s o n  w i t h  t h a t  o f  s t a n n i c  
o x i d e .
• >
V a r i a b l e  t e m p e r a t u r e  M o ss b a u e r  s t u d i e s  o f  t r i - n - b u t y l t i n  
c h l o r i d e  (TBTC1) r e v e a l e d  a  s t r o n g  b i n d i n g  i n t e r a c t i o n  
w i t h i n  an a u t h e n t i c  a n t i f o u l i n g  e l a s t o m e r .  I n  t h e  p u r e  
s t a t e ,  p a r t i a l  q u a d r u p o l e  s p l i t t i n g  c a l c u l a t i o n s  showed 
t h a t  TBTC1, b e l o w  60 K, a s s o c i a t e d  t o  p r o d u c e  a  p o l y m e r i c  
s t r u c t u r e  i n  w h ic h  c h l o r i n e  b r i d g i n g  b o n d s  p r o d u c e  a 
f i v e  c o o r d i n a t e  g e o m e t ry  a b o u t  t h e  t i n  c e n t r e .  A p p l i c a ­
t i o n  o f  t h e  Debye model  o f  s o l i d s  t o  t h e  v i b r a t i o n a l  
b e h a v i o u r  o f  t h i s  p o l y m e r ,  l e d  t o  a c a l c u l a t e d  v a l u e  
o f  t h e  r e c o i l l e s s  f r a c t i o n  a t  80 K o f  0 . 3 0 .  Upon 
d i s p e r s i o n  i n t o  u n c u r e d  n e o p r e n e  by s o l v e n t  c a s t i n g ,  
t h e  r e c o i l l e s s  f r a c t i o n  o f  TBTC1 was o b s e r v e d  t o  f a l l
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f ro m  0 .3 0  t o  0 . 1 7 .  S i m i l a r l y ,  t h e  r a t i o  o f  q u a d r u p o l e  
s p l i t t i n g  t o  i s o m e r  s h i f t  ( p - v a l u e )  was r e d u c e d  f ro m  
2 . 3 3  f o r  t h e  p u r e  compound t o  2 .0 2  i n  t h e  n e o p r e n e -  
d i s p e r s e d  s t a t e .  I t  was c o n c l u d e d  t h a t ,  upon d i s p e r s i o n ,  
t h e  f i v e  c o o r d i n a t e  p o l y m e r i c  s t r u c t u r e  o f  t h e  p u r e  
compound i s  b r o k e n  down t o  p r o d u c e  d i s c r e t e  f o u r  
c o o r d i n a t e  TBTC1 m o l e c u l e s  t h r o u g h o u t  t h e  p o ly m e r  m a t r i x .  
In  b o t h  t h e  p u r e  and  d i s p e r s e d  s t a t e s ,  t h e  t e m p e r a t u r e  
d e p e n d e n c e  o f  t h e  r e c o i l l e s s  f r a c t i o n  showed t h e  
v i b r a t i o n a l  f r e e d o m  o f  t h e  o r g a n o t i n  m o i e t y  t o  b e  
i s o t r o p i c .
The c a l c u l a t e d  r e c o i l l e s s  f r a c t i o n  a t  80 K f o r  TBTC1 
i n  t h e  a u t h e n t i c  c o a t i n g  m a t r i x  i s  0 . 3 4  and  t h i s  i s  
t y p i c a l  o f  a  t i n  n u c l e u s  e x i s t i n g  i n  a f i v e  c o o r d i n a t e  
g e o m e t r y .  The p - v a l u e ,  h o w e v e r ,  o f  2 .0 0  i s  c o n s i s t e n t  
w i t h  a  f o u r  c o o r d i n a t e  s t r u c t u r e  and  i t  was t h e r e f o r e  
n e c e s s a r y  t o  c o n s i d e r  t h e  p o s s i b l e  e x i s t e n c e  o f  
c o n s t r a i n i n g  f o r c e s  w h ic h  e f f e c t i v e l y  r e s t r i c t e d  t h e  
v i b r a t i o n a l  f r e e d o m  o f  t h e  t i n  m o i e t y  i n  t h i s  m a t r i x .  
T h e se  c o n s t r a i n i n g  f o r c e s  w e re  t h o u g h t  t o  a r i s e  f ro m  
i n t e r a c t i o n s  b e tw e e n  t h e  t i n  and  e i t h e r  t h e  b a s e  p o l y m e r  
o r  t h e  c a r b o n - b l a c k  f i l l e r .  The a n i s o t r o p i c  n a t u r e  o f  
any  c h e m i s o r p t i v e  b o n d i n g  on c a r b o n - b l a c k  p a r t i c l e s  
o r  t h e  p o s s i b l e  f o r m a t i o n  o f  an i n t e r c a l a t i o n  com pound ,  
c o u l d  a c c o u n t  f o r  t h e  o b s e r v e d  a n h a r m o n ic  v i b r a t i o n a l  
b e h a v i o u r  o f  t h e  t i n  n u c l e u s  i n  t h e  c o a t i n g  s y s t e m .
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The i n t e r a c t i o n  o f  s e v e r a l  TBT and TPT b i o c i d e s  w i t h  
t h e  c u r i n g  s y s t e m  o f  t h e  b a s i c  c o a t i n g  f o r m u l a t i o n  
was s t u d i e d  by e x a m i n i n g  t h e  r h e o l o g y  o f  e a c h  m ix .
A l l  o f  t h e  b i o c i d e s  had  some e f f e c t  upon t h e  f i n a l  d e g r e e  
o f  c u r e .  However ,  o f  t h e  TBT com pounds ,  b i s ( t r i - n -  
b u t y l t i n  ) o x i d e  showed t h e  g r e a t e s t  i n f l u e n c e  on t h e  c u r e  
c h a r a c t e r i s t i c s  o f  t h e  b a s i c  m ix .  The o n s e t  o f  c u r i n g  
was  d e l a y e d  an d  t h i s  i s  c o n s i d e r e d  t o  b e  t h e  r e s u l t  
o f  ( i )  i n t e r f e r i n g  r e a c t i o n s  b e tw e e n  t h e  o r g a n o t i n  and 
t h e  o r g a n i c  a c c e l e r a t o r  a n d / o r  s t e a r i c  a c i d ,  s u c h  t h a t  
t h e  c o n c e n t r a t i o n  o f  e l a s t o m e r - s o l u b l e  z i n c  L e w is  a c i d  
c a t a l y s t  was l o w e r e d ,  o r  ( i i )  a  c o m p e t i n g  c r o s s - l i n k i n g  
r e a c t i o n  i n v o l v i n g  t h e  i n s e r t i o n  o f  e t h e r  l i n k a g e s  
b e tw e e n  t h e  a l l y l i c  m o i e t i e s  o f  t h e  p o ly m e r  b a c k b o n e .
The TPT compounds a p p e a r e d  t o  s i g n i f i c a n t l y  r e d u c e  t h e  
s c o r c h  t i m e  o f  t h e  b a s i c  f o r m u l a t i o n  a n d ,  c o n s i d e r i n g  
t h e  e x t e n s i v e  c h e m i c a l  b reakdow n  u n d e r g o n e  by t h e s e  
o r g a n o t i n s ,  i t  i s  c o n s i d e r e d  l i k e l y  t h a t  t h e  f o r m a t i o n  o f  
m o n o p h e n y l t i n  m o i e t i e s  and  s t a n n i c  c h l o r i d e  wou ld  h a v e  a 
c a t a l y t i c  e f f e c t  on t h e  i n i t i a t i o n  o f  c r o s s - l i n k i n g .
In  c o n c l u s i o n , t h e  TBT b i o c i d e s  a p p e a r  t o  u n d e r g o  
c o n v e r s i o n  d u r i n g  the .  p o ly m e r  p r o c e s s i n g  c o n d i t i o n s  t o  
p r o d u c e  m a i n l y  t r i - n - b u t y l t i n  c h l o r i d e ,  t r i - n - b u t y l t i n  
s t e a r a t e  and s m a l l e r  am oun ts  o f  d i - n - b u t y l t i n  
d i s t e a r a t e  i r r e s p e c t i v e  o f  t h e  n a t u r e  o f  t h e  a n i o n i c  
r a d i c a l  o r i g i n a l l y  bound t o  t h e  TBT m o i e t y .  The 
e f f i c i e n c y  o f  t h e  TBT f o r m u l a t i o n s  a s  a n t i f o u l i n g  
c o a t i n g s  w i l l ,  t h e r e f o r e ,  b e  l a r g e l y  d e p e n d e n t  upon
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t h e  r e l a t i v e  amount  o f  n o n - t o x i c  d i o r g a n o t i n  f o r m a t i o n  
and on t h e  r a t e  o f  d i f f u s i o n  o f  t h e  t r i o r g a n o t i n  
compounds t h r o u g h  t h e  b u l k  c o a t i n g .  T h i s  l a t t e r  p r o p e r t y  
w i l l  be  s t r o n g l y  i n f l u e n c e d  by t h e  d e g r e e  o f  p o l y m e r /  
f i l l e r  b i n d i n g  w h ic h  i s  e v i d e n t  f ro m  t h e  v a r i a b l e  
t e m p e r a t u r e  M o ssb a u e r  s t u d i e s .
The e x t e n s i v e  c h e m i c a l  d e g r a d a t i o n  u n d e r g o n e  by t h e  TPT 
b i o c i d e s  i n d i c a t e s  t h a t  t h e s e  m a t e r i a l s  a r e  n o t  s u i t e d  
t o  d i s p e r s i o n  i n t o  n e o p r e n e - b a s e d  e l a s t o m e r s  u n d e r  
s t a n d a r d  p r o c e s s i n g  c o n d i t i o n s .  The d e g r a d a t i o n  p r o d u c t s ,  
i n c l u d i n g  s i g n i f i c a n t  am o u n ts  o f  i n o r g a n i c  t i n ,  a r e  
e s s e n t i a l l y  n o n - t o x i c ,  an d  a r e  a l s o  s t r o n g l y  bound 
w i t h i n  t h e  e l a s t o m e r  m a t r i x .  As w e l l  a s  t h e  r e d u c t i o n  
i n  t o x i c o l o g i c a l  p r o p e r t i e s ,  low  l e a c h i n g  r a t e s  a r e  
a l s o  l i k e l y  t o  be  a  p r o b le m  w i t h  c o a t i n g s  i n c o r p o r a t i n g  
TPT compounds a s  b i o c i d e s .
A r e a s  f o r  f u t u r e  work s h o u l d  i n c l u d e  s t u d i e s  i n t o  t h e  
d e v e l o p m e n t  o f  e f f e c t i v e  a n t i f o u l i n g  c o a t i n g s  i n  w h ic h  
t h e  c h e m i c a l  i d e n t i t y  o f  t h e  o r i g i n a l  b i o c i d e  i s  p r e s e r v e d  
upon i n c o r p o r a t i o n  i n t o  t h e  m a t r i x .  One a p p r o a c h  m i g h t  
be  t o  employ a  l e s s  r e a c t i v e  b a s e  e l a s t o m e r  ( e g  n a t u r a l  
o r  n i t r i l e  r u b b e r )  e m p lo y in g  a  d i f f e r e n t  o r  m i l d e r  
c u r i n g  p r o c e s s  t o  t h a t  u s e d  i n  t h e  n e o p r e n e  s y s t e m s .  
A n o th e r  a p p r o a c h  would  be  t o  d e v e l o p  an o r g a n o m e t a l l i c  
e l a s t o m e r  i n  w h ich  d i f f e r e n t  t r i o r g a n o t i n  m o i e t i e s  
( e g  t r i p r o p y l ,  t r i b u t y l  and t r i p h e n y l )  h a v i n g  a  r a n g e  
o f  b i o c i d a l  a c t i v i t i e s  t o w a r d s  t a r g e t  o r g a n i s m s ,  c o u l d  
be l e a c h e d  t o  p r o v i d e  a n t i f o u l i n g  p r o t e c t i o n .  S u i t a b l e
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c u r i n g  s y s t e m s  w o u l d ,  a g a i n ,  h a v e  t o  be  d e v e l o p e d  in  
o r d e r  t o  a v o i d  t h e  c h e m i c a l  d e g r a d a t i o n  p r o b l e m s  
e v i d e n t  i n  t h e  n e o p r e n e  s y s t e m s .
C u r r e n t  c o n c e r n  o v e r  t h e  h a r m f u l  e f f e c t s  o f  t r i o r g a n o t i n s  
(TBT compounds i n  p a r t i c u l a r )  on c e r t a i n  n o n - t a r g e t  
o r g a n i s m s  s u c h  a s  s h e l l f i s h  s p e c i e s  and  p h y t o p l a n k t o n ,  
i n d i c a t e s  a  n e e d  f o r  s t u d i e s  i n t o  t h e  mode o f  a c t i o n  
o f  t h e s e  compounds when e x e r t i n g  t h e i r  b i o c i d a l  e f f e c t s .  
M o ss b a u e r  s p e c t r o s c o p y  h a s  b e e n  a p p l i e d  t o  s t u d i e s  i n  
n um erous  b i o l o g i c a l  s y s t e m s  and i t  w ou ld  seem  t h e  i d e a l  
t e c h n i q u e  t o  a d o p t  f o r  t h e  I n  s i t u  s t r u c t u r a l  a n a l y s i s  
o f  t r i o r g a n o t i n  b i o c i d e s  i n  a c t u a l  o r g a n i s m s .  The 
p o t e n t i a l  c o n t r i b u t i o n s  t o  s t r u c t u r e - a c t i v i t y  s t u d i e s  
c o u l d  be  u s e f u l l y  e x p l o i t e d  i n  t h e  d e v e l o p m e n t  o f  more  
s p e c i f i c  b i o c i d e s  and  t h e r e b y  a l l e v i a t e  some o f  t h e  
e n v i r o n m e n t a l  p r o b le m s  t h a t  a r e  t h e  s u b j e c t s  o f  
c u r r e n t  l e g i s l a t i o n  and  d e b a t e .
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B i o c i d e s  i n  M a r in e  A n t i f o u l i n g  E l a s t o m e r s " .
C o u r s e s
M ethods  o f  S u r f a c e  A n a l y s i s  -  a  one  day  s h o r t  c o u r s e  
h e l d  a t  L o u g h b o ro u g h  U n i v e r s i t y  o f  T e c h n o lo g y  on 
8 F e b r u a r y  1984.
I n t r o d u c t i o n  t o  M o ssb a u e r  S p e c t r o s c o p y  -  10 x 2 h o u r  
l e c t u r e s  h e l d  a t  S h e f f i e l d  C i t y  P o l y t e c h n i c  i n  F e b r u a r y  
1984.
C om put ing  l e c t u r e s  h e l d  a t  S h e f f i e l d  C i t y  P o l y t e c h n i c  
i n  O c t o b e r  1983:
( i )  I n t r o d u c t i o n  t o  t h e  IBM 4341 m a in f r a m e  c o m p u t e r
( i i )  P rog ram m ing  i n  BASIC.
MSc l e c t u r e s  i n  A p p l i e d  M i c r o e l e c t r o n i c s  (17 x 1 h o u r )  
h e l d  a t  S h e f f i e l d  C i t y  P o l y t e c h n i c  i n  O c t o b e r  1984 .
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The fate of organotin toxicants in neoprene-based elastomeric marine anti-fouiing coatings: 119mSn Mossbauer and 119Sn n.m.r. spectral studies
David W Allen,* Stephen Bailey,* John S Brooks+
D epartm ents of Chemistry* and Applied Physics*, Sheffield City Polytechnic, Pond Street, Sheffield S1 1WB
and
Brian F Taylor 
Department of Chemistry, The University, Sheffield S3 7HF
The need to protect ocean-going vessels, navigational 
buoys and delicate underwater installations from the effects 
of marine fouling has led to the development and wide­
spread use of elastomeric coatings incorporating tri­
organotin toxicants. Typical of these are the neoprene- 
based coatings of the ‘NO FO UL’® variety, containing 
both bis(tri-w-butyl)tin-oxide (TBTO) and -sulphide 
(TBTS), developed in 1964 by the B F Goodrich Com­
pany. More recent formulations omit the use of TBTS 
since it is more expensive than TBTO and offers no 
additional biocidal activity.1,2 It has been suggested that the 
TBTO is involved in the elastomer-curing process, 
undergoing conversion into tributyltin chloride (TBTCl), 
considered to be the active agent in preventing fouling, 
being released slowly when the elastomer is immersed in 
water.3 However, apart from this suggestion, little would 
seem to be known of the fate of TBTO and other related 
organotin compounds in such matrices, which also 
commonly contain many other reactive components, for 
example stearic acid and sulphur compounds, with which 
the organotin reagents could combine under the fabrication 
conditions (150°C, under pressure). In this
Communication, studies are described o f the fate o f various 
organotin toxicants, when incorporated into cured neo­
prene matrices, using 119mSn Mossbauer and U9Sn n.m.r. 
spectroscopy.
Various organotin toxicants, TBTO, tributyltin stearate 
(TBTSt), bis(tributyltin) carbonate (TBTCO) and TBTCl 
were incorporated into an anti-fouling rubber composition 
at ca 2.6 per cent zolw, respectively and the materials cured 
at 150°C under standard conditions. The resulting rubber 
sheets were examined initially by I19mSn Mossbauer 
spectroscopy enabling investigation o f the environment of 
the tin atom to be studied in situ without further chemical 
treatment. The Mossbauer spectra were recorded using a 
constant acceleration spectrometer with a room tem­
perature, 15 mCi barium stannate source. Samples of 
elastomer, and appropriate reference compounds, were 
held in perspex discs and cooled to 80 K using a 
continuous flow liquid nitrogen cryostat with helium 
exchange gas. The Mossbauer parameters for the various 
samples are presented in the Table, the quoted 
experimental errors of ±  0.02 mm sec"1 (for pure 
compounds) and ±  0.05 mm sec"1 (for the elastomers) in
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gure M dssbauer absorption spectra of (a) neat TBTO and (b)
TO (2.6 per cent wlw) in an elastom eric coating matrix
e measured values of isomer shift (<5), quadrupole 
litting (AEq) and full width at half-height (T) take into 
count errors associated with non-linearities, calibration, 
ro-velocity determination and computer-fitting.
It is clear that on incorporation into the neoprene rubber 
atrix, TBTO, TBTCO and TBTSt undergo significant 
ictural change. In the Figure, the spectra of pure TBTO 
d the elastomer prepared from a composition including 
BTO, are compared for illustration. The similarity of the 
ossbauer parameters for this group of toxicants indicate 
at all appear to undergo conversion into the same 
ganotin species during fabrication of the elastomer. The 
al Mossbauer parameters are identical, within 
perimental error, with those of a sample of tributyltin 
loride dispersed in the same elastomeric matrix. It is 
teworthy that the spectrum of the latter compound in the
ble 119mSn Mossbauer data for organotin compounds in anti-fouling 
prene elastomers at 80 K
xicant Isomer Quadrupole Line width
shift'* splitting (T /m m s1)
(<5/mms'1) (A/mms'1)
In elastomers (2.6 per cent wlw)a
TBTO 1.40 2.82 1.09
TBTSt 1.44 2.82 0.99
TBTCO 1.43 2.84 0.97
TBTCl 1.41 2.78 1.05
Pure materials*
TBTO 1.25 1.53 1.11
TBTSt 1.45 3.65 0.95
TBTCO c (1.38 2.70 1.08)
(1.43 3.79 0.88)
TBTCl 1.52 3.42 1.06
n  -  0.05 m m  sec' *; (f>) errors *  0.02 m m  sec' *; (r) computer fined as two unresolved doublets, 
ent with ref 4 ;  Id) measured relative to BaSnO}
elastomer is also different from that o f the pure material. 
This difference is likely to be a consequence o f dispersal of 
the chloride, resulting in a breakdown of intermolecular 
interactions present in the pure material at 80 K, which 
give rise to a pseudopolymeric five coordinate tin site.
In order to confirm the presence o f TBTC1 in the elas­
tomers, the cured materials were Soxhlet-extracted with 
dichloromethane. After evaporation o f the extracts, the 
residues were dissolved in deuteriochloroform and the 119Sn 
n.m.r. spectra recorded. In each case, the major signal was 
observed at 6 156 ppm (Me4Sn as external reference, 6 = 
0), identical with that for TBTC1.
Thus it would seem clear that on incorporation of the 
above organotin toxicants into the elastomer matrix these 
compounds have participated in the curing process, and 
have been converted via reaction with hydrogen chloride 
arising from dehydrochlorination o f the base polymer 
under curing conditions, to form tributyltin chloride as the 
predominant species present.
Received 9 September 1985
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Drastic degradation of triphenyltin toxicants in neoprene-based elastomeric marine anti-fouling coatings: 119mSn Mossbauer and 
chemical speciation studies
David W Allen,* Stephen Bailey* and John S Brooks+
Departm ents of Chemistry* and Applied Physics,+ Sheffield City Polytechnic, Pond Street, Sheffield S1 1WB
In a recent Communication,1 the authors reported a study 
of the fate of various tributyltin toxicants on incorporation 
into cured neoprene marine antifouling matrices, using 
ll9"'Sn Mossbauer and ll9Sn n.m.r. spectral studies. It was 
shown that each tributyltin toxicant Bu3SnX (X=OSnBu3, 
stearate and carbonate) undergoes predominant conversion 
into tributyltin chloride during the compounding/curing 
processes. Now, a similar study of the fate of a range of 
triphenyltin compounds Ph3SnX (X =F, Cl, OAc,
OSnPh3) on incorporation into neoprene antifouling 
compositions has been conducted and major differences 
have been found in the behaviour which have important 
implications for the future application of these systems.
Triphenyltin compounds Ph3SnX (X= an anionic 
group) are known to be active biocides and, therefore, have 
been of interest for their effectiveness as marine antifouling 
agents in elastomeric coatings used to protect ocean-going 
vessels, navigational buoys and other delicate underwater 
installations.'1 Various triphenyltin toxicants Ph3SnX 
(X = F, OAc, Cl, OSnPh,) have been incorporated into an 
antifouling neoprene rubber composition at ca 2 per cent 
by weight, respectively, and the materials cured at 150°,C 
under standard conditions. The resulting rubber sheets 
have been examined initially by m'"Sn Mossbauer 
spectroscopy, which enables the environment of the tin 
atoms to be studied in situ without further chemical 
modification or extraction. Mossbauer spectra were 
recorded using a constant acceleration spectrometer with a 
room temperature 15mCi barium stannate source, as
F igu re  MGssbauer absorption spectra  of (a) neat TPTO and (b) 
TPTO (2.6 per cent w/w) in an elastom eric coating matrix 
A bsorption  ,
•  • • •  •  •
Velocity (m m /sec)
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described in an earlier paper.1
The Mossbauer results for the pure triphenyltin 
compounds are identical with literature values,3 each 
spectrum appearing as a quadrupole-split doublet. The 
spectrum of each tin-containing elastomer is, however, 
markedly different from that of the appropriate pure 
substance and the spectra o f the elastomer samples are all 
identical. Each spectrum is clearly an unresolved composite 
representing the superimposed spectra of a number of 
degradation products. Illustrative spectra of pure 
bis(triphenyltin)oxide (TPTO) and an elastomer 
incorporating this substance are presented in the Figure.
The drastic changes in the Mossbauer spectra indicate 
that a substantial proportion of the starting material has 
been converted into an unresolved range of degradation 
products, most probably various chlorotin(IV) species 
arising from progressive dephenylation of the triphenyltin 
substrate followed by possible complexation with hydrogen 
chloride in the polymer matrix. The authors have shown 
that when phenyltin trichloride is dispersed in neoprene, its 
iossbauer spectrum is modified from a well-resolved 
uadrupole doublet for the pure compound to a singlet 
ith a small positive isomer shift (ca 0.3 mmsec"1). 
imilarly, when stannic chloride is dispersed in neoprene, 
he isomer shift is reduced from 0.8 mmsec-1 to 
.4 mmsec-1. Thus the spectra o f a range of possible 
egradation products could be combined to account for the 
bserved spectra. Another factor which must be taken into 
onsideration is that the recoil-free fractions of 
rganotin(IV) compounds are considerably smaller than 
hose of inorganic tin(IV) compounds, and thus the 
resence of the latter could dominate the spectrum.
In view of the uncertainty about the precise nature of the 
in species present, and the above implication of severe 
egradation of the toxicant during the compounding/curing 
rocesses, ancillary techniques have been applied to the 
roblem of identification. Prolonged Soxhlet extraction of 
he elastomers with dichloromethane gave extracts in 
hich the presence of tin compounds was not detectable by 
.T. U9Sn n.m.r. spectroscopy, indicating their possible 
inding to the polymer matrix. Accordingly, two elastomer 
amples derived from triphenyltin chloride and 
is(triphenyltin) oxide were heated under reflux with an 
xcess of H-propylmagnesium chloride in an attempt to 
onvert all chlorotin species into tetraorganotins which 
ould then be amenable to extraction and subsequent gas- 
hromatographic analysis. This technique has previously 
een used in studies of tin speciation in gamma-irradiated 
VC.4 The final extracts from these reactions revealed the 
resence of phenyltripropyltin (as the major component) 
ith smaller amounts of tetrapropyltin and still smaller 
lounts of the diphenyl and triphenyltin derivatives. This 
esult supports the authors’ initial suggestion of drastic 
egradation of the triphenyltin compounds in a series of 
rotodestannylation steps resulting, ultimately, in the 
ormation of stannic chloride (probably as an adduct with 
ydrogen chloride). All stages of dephenylation are 
pparent on the chromatograms, clearly indicating the 
tensive degradation that has taken place. This is in
marked contrast to the behaviour of the related tributyltin 
toxicants in which the tributyltin moiety survives the 
compounding/curing processes to a great extent, only 
traces of dibutyltin compounds being detectable by ll9Sn 
n.m.r. spectroscopy and by application of the above 
Grignard alkylation procedure to the elastomers containing 
these materials.5
In view of the rather drastic nature of the degradation 
process undergone by the triphenyltin toxicants resulting, 
ultimately, in the formation of inorganic tin compounds, 
there would seem to be little point in promoting the use of 
triphenyltin-based toxicants in neoprene elastomer 
coatings. The related tributyltin compounds would appear 
to be the better choice based on the above studies.
Received 17 October 1986
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